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“You must live in the present,  
launch yourself on every wave,  

find your eternity in each moment.  
Fools stand on their island of opportunities  

and look toward another land. 
There is no other land;  

there is no other life but this.” 
 

-Henry David Thoreau 
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Abstract 

Colorectal cancer (CRC) is the third most common cancer worldwide, accounting for around 10% of 

the global cancer burden, and is second only to lung cancer in terms of cancer death. For patients with 

CRC, the overall 5-year survival rate is around 65%, although it is highly dependent on stage at 

diagnosis. Biomarkers are molecules that can be used for the detection of a disease, follow-up after 

radical surgery, monitoring of progression, detecting or assessing the risk of recurrence, and 

predicting prognosis. Glycans are carbohydrates that play important physiological roles in processes 

such as cell signaling, growth, and motility. Changes in glycans are seen during cancer and glycans 

are directly involved in different aspects of cancer such as proliferation, invasion, and metastasis. The 

proteome, which consists of all the proteins expressed in a cell, tissue, or organism, is dynamic due 

to factors such as posttranslational modifications, regulation of gene expression, and differential 

splicing of mRNAs. Changes in the proteome are also seen during cancer. The plasma proteome is a 

good candidate for studies due to the multitude of proteins it contains, the ease of obtaining samples, 

and the way it reflects the condition of the host. Mass spectrometry is often used to study the glycome 

and proteome in order to discover candidates for new biomarkers and to obtain new knowledge of 

how the levels of glycans and proteins change during cancer.  

 

The aim of this study was the glycomic and proteomic profiling of CRC with a focus on studying 

differences in glycan and protein levels depending on factors such as tumor location, stage, and 

patient outcome. Glycans were isolated from CRC tissue samples and healthy colonic tissue and 

analyzed using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. 

Separately, preoperative plasma samples were processed and analyzed using Ultra Performance 

Liquid Chromatography-Ultra Definition Mass Spectrometry. All samples were obtained from 

patients who underwent surgery at Helsinki University Hospital. The results were analyzed using 

methods including principal component analysis, Mann-Whitney U and ANOVA tests, hierarchical 

clustering, pathway analysis, the Kaplan-Meier method, log-rank tests, and Cox proportional hazards 

regression analysis.  

 

The main differences in glycan levels seen were between acidic glycans, several of which had 

significantly different levels between stage II and III CRC. Surprisingly, the only significant 

differences in glycan levels between samples from patients with cancer in the right and left colon 

were seen when samples were divided according to both tumor location and stage. Many significant 

differences were seen in the levels of glycans when compared between healthy colon and tumor tissue 



 

samples. Multiple plasma proteins were identified whose levels differed significantly between stage 

II and III CRC. The levels of 13 proteins were found to differ between stage II and III CRC regardless 

of primary tumor location. Significant differences in plasma protein levels were also observed 

depending on primary tumor location. Samples from patients with rectal cancer separated from 

samples from patients with colon cancer solely on the basis of plasma protein expression when 

analyzed using principal component analysis and hierarchical clustering. Several plasma proteins 

were identified of which altered levels were independently linked to significant differences in long-

term outcome. Higher plasma levels of proteins such as ceruloplasmin and fetuin-B were linked to 

significantly improved long-term survival rates for stage II CRC patients, while higher plasma levels 

of signal-induced proliferation-associated 1-like protein 1 and the CNK3/IPCEF1 fusion protein were 

linked to significantly poorer long-term survival rates for stage III CRC patients. 

 

In conclusion, these glycomic and proteomic studies provide new knowledge of CRC at the molecular 

level and show that significant differences can be seen in the levels of specific glycans and plasma 

proteins depending on factors such as tumor stage, location, and patient outcome. These results lend 

further support to the notion that it may be important to consider colon and rectal cancer as separate 

entities. While multiple plasma proteins that could be of value for predicting cancer progression and, 

separately, patient outcome were identified, validation of their clinical utility is still needed. Further 

studies to investigate why the levels of certain glycans and plasma proteins differ depending on CRC 

stage, tumor location, or patient outcome are also warranted.  

 

  



 

Sammanfattning 
Kolorektalcancer (CRC) är den tredje vanligaste formen av cancer i världen och står för kring 10% 

av den globala cancerbördan. CRC är den andra vanligaste orsaken av cancerdöd, bakom endast 

lungcancer. För patienter med CRC är 5-årsöverlevnaden kring 65%, men den beror mycket på 

tumörens stadium vid diagnos. Biomarkörer är biologiska molekyler som kan användas för att 

upptäcka sjukdom i ett tidigt skede, följa med sjukdomens förlopp, detektera eller bedöma risken för 

återfall, förutspå prognos, samt för uppföljning. Glykaner är kolhydrater med viktiga fysiologiska 

roller i processer såsom cell signalering, tillväxt, och motilitet. Uttrycket av glykaner förändras vid 

cancer och glykaner påverkar aspekter av cancer såsom dess tillväxt och spridning. Proteomet, vilket 

utgörs av alla proteiner som uttrycks i en cell, vävnad, eller organism, är dynamiskt på grund av olika 

faktorer såsom posttranslationella modifieringar, regleringen av genuttryck, och alternativ splitsning 

av mRNA. Förändringar på proteinnivå sker också vid cancer. Plasma proteomet är idealt att studera 

på grund av dess komplexitet, enkelheten av provtagning, och sättet som det reflekterar värdens 

tillstånd. Mass spektrometri används ofta för att studera glykomet och proteomet för att upptäcka 

kandidater för nya biomarkörer och för att erhålla ny information om hur uttrycket av glykaner och 

proteiner förändras vid cancer.  

 

Syftet med denna studie var den glykomiska och proteomiska profileringen av CRC, med fokus på 

att studera skillnader i glykan- och proteinuttryck beroende på faktorer såsom tumörens läge, stadium, 

och patienters prognos. Glykaner isolerades från tumörvävnad och frisk kolonvävnad och 

analyserades med matrix-assisted laser desorption/ionization time-of-flight mass spektrometri. 

Preoperativa plasmaprov behandlades skilt och analyserades med Ultra Performance Liquid 

Chromatography-Ultra Definition Mass Spectrometry. Alla prov insamlades från patienter som 

opererades vid Helsingfors universitetssjukhus. Resultaten analyserades med statistiska analyser 

såsom principalkomponentanalys, Mann-Whitney U och ANOVA tester, hierarkisk klusteranalys, 

analys av signaleringsräckor, Kaplan-Meier metoden, log-rank test, och Cox regression test.  

 

De största skillnaderna i glykanuttryck sågs mellan sura glykaner, några av vilka hade signifikanta 

skillnader i nivåerna mellan stadium II och III CRC. Förvånansvärt nog så sågs signifikanta 

skillnaderna i glykannivåer mellan prov från patienter med cancer i höger eller vänster kolon endast 

då proven uppdelades enligt både tumörens läge och stadium. Flera skillnader sågs i nivåerna av 

glykaner då de jämfördes mellan frisk kolonvävnad och cancervävnad. Flera plasmaproteiner 

identifierades som hade olika nivåer mellan stadium II och III CRC. Nivåerna av 13 proteiner skiljde 



 

sig mellan stadium II och III CRC oberoende av tumörernas läge. Signifikanta skillnader i 

plasmaproteinuttrycket sågs också beroende på tumörens läge, och prov från patienter med 

rektalcancer skiljde sig från prov från patienter med tjocktarmscancer endast på basen av 

plasmaproteinuttrycket då proven analyserades med principalkomponentanalys och hierarkisk 

klusteranalys. Flera plasmaproteiner identifierades av vilka förändrade nivåer kopplades till 

signifikanta skillnader i patienters långtidsöverlevnad. Högre plasmanivåer av proteiner såsom 

ceruloplasmin och fetuin-B var kopplade till signifikant bättre överlevnad hos stadium II CRC 

patienter, medan högre plasmanivåer av signal-induced proliferation-associated 1-like protein 1 och 

CNK3/IPCEF1 fusionsproteinet var kopplade till signifikant sämre långtidsöverlevnad hos stadium 

III CRC patienter.  

 

Sammanfattningsvis så har dessa studier erhållit ny kunskap om CRC på molekylär nivå och visar att 

signifikanta skillnader kan ses i glykan- och plasmaproteinuttrycket beroende på faktorer såsom 

tumörens stadium, läge, och patienters prognos. Dessa resultat ger understöd för idén att CRC borde 

anses vara två skilda entiteter, nämligen kolon och rektalcancer. Fastän flera plasmaproteiner som 

skulle kunna vara av nytta för att förutspå progressionen av CRC från stadium II till III och, skilt, 

patienters överlevnad identifierades så behövs ännu validering av deras kliniska användbarhet. 

Ytterligare studier för att undersöka varför nivåerna av vissa glykaner och plasmaproteiner förändras 

beroende på CRC stadium, läge, eller patienters prognos är också av intresse.  
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1. Introduction 
In 2018, approximately 18.1 million new cases of cancer were diagnosed and around 9.6 million 

people died due to cancer worldwide. Both cancer incidence and mortality rates are still 

increasing, reflecting the aging and growth of the population and changes in the prevalence and 

distribution of risk factors for cancer. Cancer is expected to be the leading cause of death in 

every country in the world in the 21st century. Colorectal cancer (CRC) is the third most 

common cancer worldwide and the second most common cause of cancer death, accounting for 

over 10% of the global cancer burden. The incidence varies greatly worldwide, with the highest 

rates being found in westernized countries. CRC encompasses cancer in the right colon (which 

includes the caecum, ascending colon, and transverse colon), left colon (which includes the 

splenic flexure, descending colon, and sigmoid colon), and rectum. CRC is typically treated 

through surgery, with adjuvant chemotherapy being given depending on factors including the 

stage of the disease and certain known risk factors, while targeted therapies are available for 

advanced CRC (1, 2). Adjuvant therapy is generally recommended for stage III and high-risk 

stage II colon cancer patients. Patients with stage II colon cancer are considered high-risk if 

they present one or more of the following clinical characteristics: less than 12 lymph nodes 

sampled; vascular, lymphatic, or perineural invasion; a poorly differentiated tumor; tumor 

presentation with obstruction or perforation, or pT4 stage (3). Stage II colon cancer patients are 

also considered high-risk if tumor budding is present (4). The treatment for rectal cancer is 

slightly different, with patients often receiving neoadjuvant radiotherapy or chemoradiotherapy 

before surgery (2). 

 

Although the term colorectal cancer includes cancer in the entire colon and rectum, right- and 

left-sided colon cancer differ from each other and rectal cancer differs from colon cancer. Right-

sided colon cancer has been associated with a worse prognosis than left-sided colon cancer, is 

more frequent in women, and tends to present at a more advanced stage. Tumors in the right 

colon are also associated with different mutations than tumors in the left colon and have a higher 

prevalence of microsatellite instability (MSI) and CpG island methylation (5). Rectal cancer 

has a higher rate of local recurrence, as resection for rectal cancer is more challenging than for 

colon cancer. Several studies have also found that rectal cancer tends to more often display 

mutations in tumor protein 53 (TP53) than colon cancer (6, 7). CRC prognosis is highly 

dependent on stage at diagnosis, and the 5-year survival rate is almost 90% for patients with 

localized (stage I and II) disease. However, the 5-year survival rate decreases to around 70% 
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for patients with regional (stage III) disease that has metastasized to regional (anatomically 

nearby) lymph nodes and is less than 14% for patients with distant metastasis (stage IV) (8, 9).  

 

Biomarkers function as cellular indicators of the physiological state and of change during a 

disease process such as cancer. They are used for identifying individuals at risk of disease, early 

detection and diagnosis of disease, monitoring of disease progression, and for follow-up and 

detection of recurrence (10). Glycans are covalent assemblies of sugars that can exist either in 

free form or as part of glycoconjugates, complexed with proteins or lipids. Glycans are 

aberrantly expressed in cancer and play roles in different aspects of tumor progression such as 

proliferation, invasion, metastasis, and angiogenesis. Due to their altered expression in cancer, 

glycans are of value as biomarkers and targets for new anticancer therapies. Glycoproteins 

(glycosylated proteins) also change during cancer as aberrant glycosylation affects the glycans 

attached to glycoproteins. Multiple biomarkers already in clinical use are glycoproteins and the 

analysis of altered glycoprotein expression can facilitate the discovery of new biomarkers and 

therapeutic targets (11, 12). Distinct changes also occur at protein level during malignant 

transformation of a cell, such as altered expression, changes in activity, and aberrant 

localization. Mass spectrometry-based proteomic techniques are often used in efforts to study 

these changes and profile the proteome of patients with diseases such as cancer (13). Mass 

spectrometry (MS) can also be used to analyze the glycan profiles of tissue samples (14). 

 

This thesis addresses efforts made to investigate differences in the glycan and plasma protein 

levels of CRC patients divided into groups based on primary tumor location, stage, and patient 

prognosis. Tissue and plasma samples from CRC patients were analyzed using mass 

spectrometry and the glycans and proteins expressed in different groups of CRC patients were 

analyzed. Patients were divided into groups based on tumor location (right colon, left colon, or 

rectum), tumor stage (II or III), and patient outcome (good or poor). This enabled the discovery 

of glycans and proteins whose levels differed significantly between the groups, which could be 

of value as candidates for new biomarkers after further validation. This study also provides new 

insights into CRC at the molecular level.  
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2. Review of the literature  
2.1 Colorectal cancer  
2.1.1 Epidemiology 
Colorectal cancer (CRC) is the third most common cancer worldwide, with over 1.8 million 

new cases and almost 900 000 deaths estimated to have occurred in 2018. With these statistics, 

CRC accounts for over 10% of the global cancer burden and is the second most common cause 

of cancer death, behind only lung cancer. Incidence rates vary up to tenfold by world region, 

with the highest rates occurring in westernized areas of the world such as Australia, Eastern 

Asia, Europe, and North America, while the lowest rates are seen in Africa and Southern Asia 

(Figure 1) (1, 2).  

 

 
Figure 1 – Map showing the worldwide incidence of CRC in 2018. The map was generated 

via CANCER TODAY on the International Agency for Research on Cancer’s website (15).  

 

In Finland, there were 3538 new cases and 1293 deaths in 2018 (16). The global burden of CRC 

is predicted to increase by 60%, resulting in more than 2.2 million cases and 1.1 million deaths 

per year by 2030. Declining rates of CRC incidence and mortality, such as those seen in the 

USA, can be linked to increased early detection, prevention through polypectomy, as well as 

improvements in care and treatment. The increasing incidence rates in certain developing 
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countries may reflect an increased prevalence of risk factors for CRC. Certain risk factors are 

directly associated with westernization (discussed below) and the growth and aging of the 

population will also lead to increases in the global burden of CRC. Incidence rates are also 

higher in men than women, although the reasons for this are not fully understood (17, 18). The 

incidence rate of CRC increases rapidly with age and an increase of 30% is seen between 

patients aged 60 to 64 years (90.2 per 100 000 individuals) and patients aged 65 to 69 years 

(121.4 per 100 000 individuals), with the incidence being over 200 per 100 000 individuals in 

patients over 80 years of age. In the United States, over half of all new cases and almost 70% 

of deaths due to CRC occurred in people 65 years of age in 2020 (19).  

 

2.1.2 Etiology 
The majority of CRC cases arise sporadically, although the risk of developing CRC is increased 

in individuals with a first-degree family member diagnosed with CRC at between 50-70 years 

of age. This risk is almost tripled if the first-degree family member was diagnosed at less than 

50 years of age and is also further increased for those with two or more affected family 

members. Positive family history therefore plays a role in approximately 15-20% of CRC cases, 

reflecting low-penetrance genetic factors. Although these cases have some component of 

familial risk, they do not classify as hereditary CRC cases, and therefore fall under the category 

of sporadic cases (20, 21). Hereditary syndromes include Lynch syndrome (LS), which 

accounts for 2-4% of all CRC cases (22), and familial adenomatous polyposis (FAP), which 

accounts for less than 1% of cases (23). Inflammatory bowel disease (IBD), which includes 

ulcerative colitis (UC) and Crohn’s disease (CD), also increases the risk of CRC. Risk factors 

for patients with IBD include the duration of IBD, the extent of inflammation, and the presence 

of backwash ileitis and/or primary sclerosing cholangitis. However, IBD is only responsible for 

around 1% of CRC cases (20, 21).  

 

Risk factors for CRC include obesity, smoking, heavy alcohol consumption, intake of red and 

processed meat, and a sedentary lifestyle. A varied diet including whole grains, fruits, and 

vegetables, as well as the intake of multivitamins and calcium, decreases CRC risk, as does 

physical activity. Other risk factors include increasing age and a previous history of colonic 

polyps or CRC. Many risk factors are therefore modifiable, with changes in lifestyle enabling 

a reduction in CRC risk (21, 24). Studies have also found that vegetarian diets are associated 
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with a lower incidence of CRC (25, 26). Additionally, higher levels of plasma vitamin D have 

been found to be associated with a decreased risk of CRC (27, 28).  

 

2.1.3 The adenoma-carcinoma sequence 
Almost all CRC cases are thought to arise through the so-called adenoma-carcinoma sequence, 

which denotes the stepwise progression of normal epithelium to dysplastic epithelium, the 

formation of an adenoma, and the subsequent progression into carcinoma. The adenoma-

carcinoma sequence is characterized by the sequential accumulation of mutations needed for 

cancer to develop. Although the prevalence of adenomas is around 50% by age 70 in the United 

States, only a fraction of adenomas subsequently become malignant and progress to cancer. 

While the adenoma-carcinoma sequence has not been directly proven, there is sufficient 

evidence from numerous studies to support it and it is widely accepted that adenomatous polyps 

are likely the most important precursor lesions of CRC. The adenoma-carcinoma sequence is a 

slow process that occurs over years to decades, although it is accelerated in patients with 

hereditary CRC syndromes that have inherited mutations which contribute to this process (29, 

30).  

 

In 1990, Fearon and Vogelstein proposed a genetic model for colorectal tumorigenesis, which 

has been the foundation for understanding CRC development. Their model proposed that the 

mutational activation of oncogenes coupled with the mutational inactivation of tumor 

suppressor genes leads to CRC. Moreover, their model proposed that the total accumulation of 

mutations was responsible for determining the properties of the tumor, rather than the order in 

which the mutations accumulated. According to Fearon and Vogelstein, multiple mutations are 

needed for the formation of a malignant tumor, with each mutation contributing to the stepwise 

progression from normal epithelium to adenoma to carcinoma (31). While this model supports 

the adenoma-carcinoma sequence, the specific mutations mentioned by Fearon and Vogelstein 

generally apply to the chromosomal instability (CIN) pathway of sporadic colorectal 

carcinogenesis (32). As the majority of CRC cases arise through the adenoma-carcinoma 

sequence, these cases therefore also include others that arise through pathways besides the CIN 

pathway.  

 

While adenomatous polyps appear to be the precursor lesions for most CRC cases, an 

alternative serrated pathway gives evidence for tumors arising through distinct precursor 
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lesions which include sessile serrated lesions (previously known as sessile serrated 

polyps/adenomas), which may be flat instead of polypoid. The serrated pathway is 

distinguished by distinct genetic alterations, such as mutations in the B-Raf proto-oncogene, 

serine/threonine kinase (BRAF) gene (33-35). These serrated lesions are prone to methylation 

of CpG island promoter regions, which leads to the epigenetic silencing of genes including 

MutL homolog 1 (MLH1), one of the mismatch repair genes. When MLH1 is silenced, the 

lesions become microsatellite instable and are subsequently prone to the rapid development of 

further mutations, similar to what is seen in traditional adenomas in patients with LS (36).  

 

2.1.4 Pathways to sporadic colorectal cancer 
Sporadic CRC predominantly arises through three different pathways of genetic instability, 

which will be reviewed below. These pathways are the chromosomal instability (CIN) pathway 

mentioned above, the MSI pathway, and the CpG island methylator phenotype (CIMP) 

pathway. Tumors can also exhibit features of more than one pathway, indicating overlapping 

features of these pathways (32).   

 

2.1.4.1 The chromosomal instability pathway 

Around 70% of sporadic CRC cases develop along the CIN pathway, which is characterized by 

chromosomal instability in the form of an accelerated rate of gains or losses of whole or large 

parts of chromosomes, leading to changes in chromosome number (aneuploidy) and structure. 

Together with these karyotypic abnormalities, an accumulation of mutations in specific 

oncogenes and tumor suppressor genes is also seen. It is unclear whether CIN creates the 

appropriate environment for these mutations to accumulate or vice versa (37).  

 

The earliest genetic event seen is mutation in the adenomatous polyposis coli (APC) gene, 

which activates the Wnt pathway that regulates growth, apoptosis, and differentiation. 

Mutations in APC may contribute to CIN and are found in around 70% of sporadic tumors. The 

KRAS proto-oncogene, GTPase (KRAS) gene is mutated in 30-50% of tumors and activating 

mutations in KRAS lead to constitutive downstream signaling, affecting pathways involved in 

cellular functions such as cell cycle progression. Allelic loss of chromosome 18q, which 

contains the genes deleted in colorectal carcinoma (DCC), SMAD family member 2 (SMAD2), 

and SMAD family member 4 (SMAD4), occurs in up to 70% of cases. DCC was initially 

proposed to encode a tumor suppressor gene, but further studies have raised doubts about its 
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role in CRC pathogenesis. SMAD2 and SMAD4 are mediators of the transforming growth 

factor-  (TGF- ) pathway, which is important in cell growth and apoptosis. Mutation or loss of 

TP53 is often a late event in the process of CRC carcinogenesis and accompanies the transition 

from adenoma to carcinoma. This occurs in up to 75% of CRC cases, as the p53 protein controls 

the transcription of genes involved in, among other things, DNA repair, apoptosis, regulation 

of the cell cycle, and cell differentiation. Only very few tumors with CIN display all of the 

above mutations or losses, suggesting that other genetic or epigenetic aberrations can 

compensate for several of these events and provide the same biological consequences (37, 38).  

 

2.1.4.2 The microsatellite instability pathway 

The second pathway to sporadic CRC is through MSI, which is seen in around 15% of all CRC 

cases. Microsatellites are short, repeating nucleotide sequences that are prone to errors during 

replication due to their repetitive nature. The DNA mismatch repair (MMR) system usually 

repairs errors that occur during DNA replication but if the MMR system is inactivated, errors 

accumulate in microsatellites, leading to MSI. Germline mutations in MMR genes lead to LS, 

while somatic mutations in or hypermethylation and subsequent silencing of MMR genes such 

as MLH1 lead to sporadic MSI. The majority of sporadic tumors with MSI have lost expression 

of MLH1 and PMS1 homolog 2, mismatch repair system component (PMS2) (39). PMS2 forms 

a heterodimer with MLH1 and the PMS2 protein is degraded when MLH1 is not expressed 

(40). 

 

MSI tumors are associated with a better prognosis and display a distinct phenotype: they tend 

to be predominantly located in the proximal (right) colon, poorly differentiated, and often 

display abundant tumor-infiltrating lymphocytes (41). MSI tumors also tend to be diploid, as 

opposed to tumors that develop along the CIN pathway, and BRAF mutations are frequently 

seen in sporadic tumors with MSI, although not in patients with LS. Most of the sporadic MSI-

associated CRC cases arise through a process that involves the third pathway to sporadic CRC, 

namely the CpG island methylator phenotype (CIMP), meaning that these two pathways 

overlap (39, 42).  

 

2.1.4.3 The CpG island methylator phenotype pathway 

The third pathway to sporadic CRC is through CpG island methylation. CpG islands are short 

sequences rich in CpG dinucleotides that can be found in the promoter region of about half of 

all human genes. Methylation of these promoter regions leads to gene silencing and the CIMP 
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pathway is characterized by the widespread hypermethylation of multiple genes. The global 

hypermethylation leads to the simultaneous inactivation of multiple tumor suppressor genes 

and also induces MMR deficiency through the methylation and inactivation of MLH1. Cases 

arising through the CIMP pathway account for 15-20% of sporadic CRC cases (42, 43).  

 

While the majority of MSI sporadic CRC cases are CIMP-positive due to methylation of the 

MLH1 promoter, tumors positive for CIMP can also be microsatellite stable (MSS). CIMP is 

also associated with BRAF mutations in both MSI and MSS tumors. As previously mentioned, 

the three pathways to sporadic CRC are not mutually exclusive and tumors can exhibit features 

of more than one pathway, such as CIMP-positive tumors often displaying MSI due to MLH1 

promoter methylation. Tumors can also display features of both the CIN pathway together with 

features of the MSI or CIMP pathway (44, 45).  

 

2.1.5 Hereditary colorectal cancer 
Hereditary CRC syndromes account for around 5% of all CRC cases and include LS, FAP, and 

MUTYH-associated polyposis (MAP), as well as the more uncommon hamartomatous 

polyposis syndromes (discussed briefly below) (46).  

 

2.1.5.1 Lynch syndrome 

LS is the most common form of hereditary CRC and is inherited in an autosomal dominant 

manner. LS is caused by a germline mutation in one of several genes that are part of the MMR 

system, namely MutS homolog 2 (MSH2), MLH1, MutS homolog 6 (MSH6), or PMS2, with 

mutations in MSH2 or MLH1 being the most common. Additionally, germline deletions in 

epithelial cell adhesion molecule (EPCAM) can also lead to LS. Diagnosis is made by the 

identification of a germline mutation in one of the MMR genes or EPCAM. A deficiency in the 

MMR system compromises the ability to repair mismatches in DNA, leading to hypermutation 

and a predisposition to CRC, which occurs at an earlier age (around 45 years) than in sporadic 

cases and more often in the right colon. LS also predisposes to other types of cancer including 

endometrial, ovarian, and stomach cancer. Nowadays, universal testing of all newly diagnosed 

CRC cases for deficient mismatch repair or MSI is recommended (47). It has been discovered 

that the types of cancer that patients with LS are predisposed to depends on which mutation 

they carry. Patients with mutations in MSH6 have a lower risk of developing CRC than patients 

with mutations in MLH1 or MSH2. Upper gastrointestinal tract cancers were found to 
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predominantly occur in MLH1 mutation carriers, while prostate and urinary tract cancers 

predominantly occurred in MSH2 mutation carriers (48, 49).  

 

2.1.5.2 Familial adenomatous polyposis 

FAP is the second most common hereditary CRC syndrome and is characterized by the 

development of hundreds to thousands of adenomatous polyps in the colon, which appear 

during the second or third decade of life. FAP accounts for around 1% of CRC cases and if not 

diagnosed and treated, the penetrance is almost 100% due to the vast number and early onset 

of colorectal polyps. FAP is also inherited in an autosomal dominant manner and is caused by 

a mutation in APC, which leads to the loss of APC function and subsequent deregulation of 

Wnt pathway signaling. For CRC to develop, mutations in other genes must follow the initiating 

mutation in APC. If not treated, the average age of CRC onset is around 40 years (50, 51). 

Sigmoidoscopy every two years starting from the early teens and annual colonoscopy until 

colectomy if adenomas are detected is recommended (52).  

 

2.1.5.3 Other hereditary syndromes 

MUTYH-associated polyposis (MAP) is a hereditary CRC syndrome caused by biallelic 

mutations in the gene MutY DNA glycosylase (MUTYH, also known as MYH), whose encoded 

protein functions in DNA repair. Loss of MUTYH function leads to the accumulation of 

mutations in genes such as APC. Patients generally present with 10-100 adenomatous polyps 

and patients with MAP are at significant risk for CRC development. The average age of polyp 

onset is around 46 years of age and of CRC onset almost 50 years of age. MAP is unique among 

the hereditary CRC syndromes as it is inherited in an autosomal recessive manner. The lifetime 

risk of CRC in patients with untreated MAP appears to be close to 100%. Similar to in patients 

with FAP, patients with MAP can also display extracolonic manifestations such as fundic gland 

polyps and duodenal adenomas. Patients with MAP should receive frequent screening and be 

considered for colectomy if needed (54, 55).  

 

Hamartomatous polyposis syndromes are uncommon genetic syndromes inherited in an 

autosomal dominant manner that account for less than 1% of all CRC cases. They are 

characterized by the development of hamartomatous polyps, which have a distorted architecture 

and arise in the gastrointestinal tract. They include Peutz-Jeghers syndrome, juvenile polyposis 

syndrome, and several other rare disorders. Patients with hamartomatous polyposis syndromes 

have an increased risk of developing CRC and other types of cancer (56).  
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2.1.6 Inflammatory bowel disease-associated colorectal cancer 
The two main types of inflammatory bowel disease (IBD), an umbrella term for a group of 

chronic idiopathic intestinal disorders, are ulcerative colitis (UC) and Crohn’s disease (CD). 

Evidence suggests that IBD results from an inappropriate inflammatory response to intestinal 

microbes in a genetically susceptible host. UC generally involves the rectum and may affect 

the colon, while CD generally involves the ileum and colon, but can affect the entire 

gastrointestinal tract (57, 58). IBD is a global disease in the 21st century with the prevalence of 

IBD exceeding 0.3% in several Westernized countries such as the USA, Sweden, and Australia 

(59). Patients with IBD have an increased risk of developing CRC due to chronic intestinal 

inflammation, although colitis-associated CRC (CAC) is estimated to be responsible for less 

than 2% of CRC cases. The risk of developing CRC generally begins to increase 8 to 10 years 

after diagnosis and can be around 20 times higher for IBD patients compared to the general 

population (60, 61). 

 

CAC develops along a different pathway than sporadic CRC (Figure 2) (62). Whereas sporadic 

CRC often arises from polyps, CAC typically arises from flat, dysplastic mucosa. The order of 

events also differs from sporadic CRC as TP53 mutations are a relatively early event and loss 

of APC function occurs late in the dysplasia-cancer sequence (61, 63). TP53 seems to play an 

instrumental role in CAC, with deletion found in up to 85% of cases, and TP53 loss of 

heterozygosity is correlated with malignant progression. Whereas APC loss of function is 

common in sporadic CRC and occurs early in the adenoma-carcinoma sequence, less than 14% 

of tissues with dysplasia or cancer displayed APC mutations, and allelic deletions were found 

in less than 33% of cases of CAC (64).  
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Figure 2 – The molecular pathogenesis of sporadic CRC and CAC. Reprinted with 

permission from Ullman and Itzkowitz (62).    

 

2.1.7 Right- and left-sided colon cancer 
Cancer in the right colon differs from cancer in the left colon in multiple ways. Various 

differences exist between the normal right and left colon, which could predispose tumors 

originating in these locations to develop along different pathways. The right colon originates 

from the embryonic midgut and is perfused by the superior mesenteric artery, while the left 

colon (and rectum) originates from the hindgut and is served by the inferior mesenteric artery. 

The different embryologic origins of the colonic epithelium in the proximal and distal colon 

may lead to differences in the susceptibility to environmental carcinogens. The capillary 

network also differs between the right and left colon, as the network surrounding the right colon 

is multilayered, whereas that of the left colon is single-layered. The boundary between the right 

and left colon is defined according to embryological origin, but as this boundary is the distal 

third of the transverse colon, which is difficult to use in retrospective studies, most studies use 

the splenic flexure to divide the right and left colon. Right-sided tumors are therefore classified 

as originating proximal to the splenic flexure (within the caecum, ascending colon, or transverse 

colon), while left-sided tumors are classified as originating distally to this site (within the 

descending colon or sigmoid colon) (Figure 3) (65-67). Some studies also include tumors 

arising in the rectum in the same group as tumors arising in the left colon, although the studies 

in this thesis have grouped rectal tumors separately from tumors in the left colon. 
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Figure 3 – Anatomic subsites of the colon. The splenic flexure is used to divide the right and 

left colon, with tumors in the caecum, ascending colon, and transverse colon classified as right-

sided and tumors in the descending and sigmoid colon classified as left-sided. Reprinted with 

permission from the AJCC Cancer Staging Atlas (8).  

 

Tumors in the right and left colon display different molecular profiles, with tumors in the right 

colon more often being diploid and hypermethylated, displaying MSI, CIMP, and mutations in 

KRAS and BRAF. Tumors in the left colon more often display features of the CIN pathway, 

with mutations in APC and TP53, as well as aneuploidy. Regarding hereditary CRC syndromes, 

the majority of CRC tumors in patients with LS arise in the right colon (65, 66). In patients with 

FAP, the majority of polyps develop in the left colon (23). Differences in gross macroscopic 

pathology are also observed between right- and left-sided tumors. Right-sided tumors are 

typically bulky and project into the lumen while left-sided tumors tend to be constricting lesions 

that encircle the lumen, often leading to obstruction. Right-sided tumors have been found to be 

more frequent in older people and women and typically present at a more advanced stage. They 

are also more likely to be poorly differentiated and mucinous carcinomas (68, 69).  
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Differences between right- and left-sided colon cancer are also apparent in how they present, 

with patients with tumors in the right colon often presenting with weight loss, anemia, or an 

abdominal mass, while patients with tumors in the left colon instead tend to display rectal 

bleeding or a change in bowel habits. One study also found that peritoneal carcinomatosis was 

associated with right-sided tumors, while hepatic and pulmonary metastases were more 

common for left-sided tumors (68, 69). Right-sided colon cancer also more often displayed 

larger tumors and lymph node-positive disease. It is likely that the differences between right- 

and left-sided colon cancer are due to complex genetic and epigenetic changes caused by both 

inherited and environmental factors (69, 70). Right-sided colon cancer accounts for 

approximately 40% of CRC cases, while left-sided colon cancer accounts for around 30% of 

cases. Rectal cancer (discussed below) accounts for the remaining 30% of cases (71). 

 

Multiple studies have shown that right-sided colon cancer appears to have a worse prognosis 

than left-sided colon cancer and that the percentage of right-sided colon cancer has also 

seemingly increased during the past decades, having undergone a so-called “proximal shift”, 

although the reasons for these observations are unclear (69, 72-74). Features such as more 

advanced stage, poor differentiation, and more regional lymph node positivity could contribute 

to the poorer prognosis of right-sided colon cancer (70, 75). However, several studies have 

disputed these findings and reported either no difference in prognosis between right- and left-

sided colon cancer or a better prognosis for right-sided colon cancer (76, 77). Studies have 

found that the increased incidence of right-sided colon cancer is due to the proportion of right-

sided tumors having increased over the years, although this has been suggested to be due to a 

decline in the incidence of left-sided colon cancer and/or aging of the population, rather than a 

true increase in the incidence of right-sided tumors. The decline in the incidence of left-sided 

tumors could be due to increased CRC screening using flexible sigmoidoscopy and the fecal 

occult blood test (FOBT), which are better for diagnosing left-sided tumors. However, this 

explanation seems unlikely, as patients with a positive FOBT or with polyps in the left colon 

seen during sigmoidoscopy subsequently undergo screening of the whole colon (78, 79). 

 

Several recent studies have further investigated the heterogeneity between right- and left-sided 

colon cancer and the differences between cancer in the right and left colon have been found to 

extend to the protein and metabolite level. Previous proteomic studies of right- and left-sided 

colon cancer have mainly focused on protein expression profiling in order to identify proteins 

that could be of value as new biomarkers for the early detection or diagnosis of CRC. Proteins 
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of value for the prediction of prognosis or as targets for new therapies have also been searched 

for (80). One study using a multi-omics approach found that tumors in the right and left colon 

display different mutations, with TP53 mutations being more common in left-sided tumors, as 

well as different patterns of DNA methylation and gene expression (81). A study that analyzed 

plasma samples from patients with cancer in the right or left colon discovered different 

metabolic signatures between the groups. This study identified six metabolites that could 

discriminate between the two groups and that are of value as potential biomarkers of tumor 

location. Two of these metabolites, trimethylamine N-oxide and indoxyl sulfate, had increased 

levels in right-sided colon cancer and may be associated with cancer development (82). A recent 

proteogenomic study found further differences between the mutations and proteins found in 

right- and left-sided colon cancer (as well as rectal cancer) (83). 

 

2.1.8 Rectal cancer 
The rectum, which is continuous with the sigmoid colon, is approximately 12 cm in length and 

terminates at the anal canal (8). Although CRC includes both colon and rectal cancer, rectal 

cancer differs from colon cancer in several ways. The pelvic space harboring the rectum is 

narrower than the abdomen and the rectum is also surrounded by vital structures such as the 

bladder, genital organs, large vessels, and nerves. An R0 resection (complete resection with 

clear resection margins and without evidence of microscopic residual tumor) is therefore more 

challenging to perform for rectal cancer than colon cancer, leading to rectal cancer having a 

greater risk of local recurrence than colon cancer. Rectal cancer patients are treated more 

aggressively than colon cancer patients and are often given preoperative radiotherapy or 

chemoradiotherapy before undergoing surgery. In contrast, patients with colon cancer proceed 

directly to surgery. Different patterns of metastasis have also been noted between rectal and 

colon cancer, with rectal cancer more often metastasizing to the lungs, whereas colon cancer 

more often metastasizes to the liver. Tumors that arise in the distal rectum can initially 

metastasize to the lungs, as the inferior rectal vein drains into the vena cava inferior rather than 

the portal venous system, as venous drainage of the colon does (6, 84). The rectal venous 

drainage therefore bypasses the liver. Peritoneal spread is also more common in colon cancer 

due to the colon being located in the peritoneal cavity, while the rectum is located in the pelvis 

(85).  
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Differences between rectal and colon cancer are also apparent at the molecular level, with rectal 

cancer more often displaying mutations in genes including TP53 than colon cancer (6, 7). CIN 

is more common in rectal tumors, while MSI is more often detected in colon tumors (86). 

Proteome heterogeneity has also been seen between rectal and colon tumors, although few 

studies have investigated these differences (80). One study found that a biomarker signature 

comprised of seven proteins detectable in plasma could predict the localization of tumors to the 

colon or rectum (87). Due to the multiple differences between colon and rectal cancer, it has 

been proposed that they should be considered different entities (71, 86).  

 

2.1.9 The consensus molecular subtypes of colorectal cancer 
A recent classification system, considered the most robust one currently available, divides CRC 

into four consensus molecular subtypes (CMS), CMS1-4, each of which have distinguishing 

features (Figure 4). CMS1 (“MSI immune”) tumors, comprising 14% of samples in this study, 

were hypermutated and displayed a widespread hypermethylation status. They encompassed 

the majority of MSI tumors and also had a low prevalence of CIN as measured by somatic copy 

number alteration (SCNA) counts. BRAF mutations also frequently occurred in CMS1 samples. 

CMS1 was found to be characterized by the increased expression of genes associated with 

immune infiltration and activation of immune evasion pathways. CMS1 tumors were found to 

be more common in the right colon and in women and also tended to present with a higher 

histopathological grade. Patients with CMS1 tumors had a very poor survival rate after relapse. 

CMS2 (“Canonical”) tumors, comprising 37% of samples studied, displayed higher levels of 

CIN and epithelial differentiation. CMS2 tumors were more often found in the left colon and 

patients with CMS2 tumors had superior survival rates after relapse, with a larger proportion of 

long-term survivors being found in this subset. CMS2 tumors also displayed WNT and MYC 

activation, which have classically been implicated in CRC carcinogenesis (88). 

 

CMS3 (“Metabolic”) tumors represented 13% of cases in this study, and an enrichment for 

multiple metabolism signatures as well as an overrepresentation of KRAS mutations were found 

in this group. CMS3 tumors displayed mixed MSI status and tended to be SCNA and CIMP 

low. 23% of samples were classified as CMS4 (“Mesenchymal”) tumors, which displayed an 

upregulation of genes implicated in epithelial-to-mesenchymal transition (EMT). Tumors in 

this group also displayed signatures associated with the activation of TGF-  signaling and 

angiogenesis, as well as matrix remodeling pathways and the complement-mediated 
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inflammatory system. They also exhibited a gene expression profile indicating stromal 

infiltration and were SCNA high. CMS4 tumors tended to be diagnosed at a more advanced 

stage (III or IV) and patients with CMS4 tumors displayed worse overall survival. The 

remaining 13% of tumors in this study displayed mixed features, which could represent 

transitional phenotypes or intratumoral heterogeneity (88). 

 
Figure 4 – The CMS subtypes of CRC. Reprinted with permission from Guinney et al. (88).   

 

The CMS classification system has been adapted for use in cancer cell lines, which recapitulate 

the different groups and their biological properties. CMS has been shown to affect treatment 

response and cell lines with different CMS display subtype-specific drug sensitivities (89). The 

CMS classification system has also been adapted into a panel of five biomarkers for use by 

immunohistochemistry in formalin-fixed paraffin-embedded tissue sections, although this 

classifier could not distinguish between CMS2 and CMS3. However, this study expands the 

use of the CMS classification system to more readily available tissue microarrays and was able 

to validate the poor prognosis of CMS4 (90). Better characterization and understanding of CMS 

can therefore be helpful in selecting the best possible combination of targeted therapies for CRC 

patients (91).  

 

2.1.10 Screening 
The aim of screening for CRC is to both reduce the risk of death due to CRC through early 

detection and reduce the rate of complications associated with the detection of cancer at a more 

advanced stage. Screening also aims to reduce the incidence and mortality of CRC through the 

detection and removal of precancerous lesions. Methods for CRC screening include endoscopic 
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methods which directly examine the colon and rectum, such as colonoscopy and flexible 

sigmoidoscopy (FS), and noninvasive stool-based tests, which include the guaiac fecal occult 

blood test (gFOBT) and the fecal immunochemical test (FIT) (92). People at average risk should 

be offered options for screening for CRC and adenomatous polyps beginning at the age of 50. 

A positive screening test should be followed up with colonoscopy. Surveillance with 

colonoscopy should be considered for people with an increased risk of CRC, which could be 

due to a previous history of CRC or adenomatous polyps or a disease that predisposes to CRC 

(93).  

 

In Finland, a population-based screening program for CRC was implemented from 2004 to 

2012. The target population was people between 60-69 years of age, of which half were offered 

CRC screening by gFOBT every two years and half were not. By the end of the study period, 

around 43.5% of the target population was covered. This study did not find any difference in 

CRC mortality between those who were offered screening and those who were not. However, 

the median follow-up time of this study was only 4.5 years and it is likely that a longer follow-

up time would have been needed to reveal the effect of screening in reducing CRC mortality 

(94, 95).  

 

CRC tumors may bleed as they increase in size, and this bleeding is often occult and can be 

intermittent. Fecal occult blood tests (FOBTs), which include the gFOBT and FIT, can detect 

occult blood in stool samples. They have the advantages of being noninvasive and having a low 

initial cost and can also be performed at home. In the gFOBT, stool is placed on guaiac-

impregnated paper, which in the presence of heme turns blue. Stool sampling is usually required 

from several separate samples as bleeding may be intermittent. The gFOBT detects the 

peroxidase activity of heme, although it is not specific for human blood and any heme present 

in the sample can therefore interact with the guaiac, such as heme ingested from red meat. It 

has also been shown to have a lower sensitivity for the detection of advanced adenomas (96, 

97). The FIT uses antibodies that are specific for human hemoglobin to detect the presence of 

blood in stool samples. Studies have indicated that the FIT is more sensitive for detecting CRC 

and advanced adenomas than the gFOBT. Patient compliance and satisfaction with the FIT have 

also been shown to be greater than with the gFOBT (97, 98). Limitations of both the gFOBT 

and FIT include the fact that sporadic bleeding from lesions can lead to false-negative results 

and as early lesions bleed less frequently than advanced ones, precancerous lesions can be 

overlooked (99). 
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Colonoscopy, the examination of the entire colon with a flexible colonoscope, is considered the 

gold standard of CRC screening. The primary aim is to detect CRC, with the secondary aim 

being to detect and remove adenomas. A colonoscopy enables a complete endoscopic 

examination of the colon as it allows direct assessment of the colonic mucosa. Studies have 

estimated that colonoscopy leads to a 53-72% reduction in incidence and a 31% reduction in 

mortality among participants. However, these studies have not accounted for colonoscopy-

associated complications, nor have they determined whether colonoscopy actually leads to 

reductions in all-cause mortality. In most countries, colonoscopy is used as the second step of 

screening, which is primarily due to cost and resource constraints (97, 100). Although 

colonoscopy may be considered the standard for CRC screening, it requires a skilled examiner, 

is costlier than other methods, and is less convenient to the patient (101). Drawbacks include 

the potential for complications such as bleeding and bowel perforation (97). However, 

colonoscopy is the final assessment step in every screening program for the detection of CRC 

(96).  

 

FS entails the use of a flexible endoscope to examine the rectum and sigmoid colon. Compared 

to FOBTs, FS has a higher detection rate of advanced adenomas and CRC, but a lower 

specificity and sensitivity than colonoscopy for these (97). One large drawback of FS is that it 

does not examine the proximal colon and studies have shown that more than 30% of patients 

with advanced neoplasia have proximal lesions that would not be detected by FS. In contrast to 

colonoscopy, polypectomy is also not usually performed (100). Other methods for CRC 

screening include computed tomography colonography (CTC), also known as virtual 

colonoscopy, which is a structural radiologic examination of the colon that uses computed 

tomography and software to create a three-dimensional image of the colon in order to identify 

colonic lesions. The use of CTC is mainly limited to patients who are unsuitable candidates for 

colonoscopy. As opposed to colonoscopy, lesions cannot be removed during CTC (99, 100).  

 

2.1.11 Diagnosis  
CRC may be diagnosed when a patient presents with symptoms, as the result of CRC screening, 

or during the follow-up of IBD. Early cancer tends to be asymptomatic and many of the 

symptoms associated with CRC are nonspecific (102, 103). The main symptoms of CRC are 

rectal bleeding, changes in bowel habits, weight loss, abdominal pain, and anemia. CRC can 
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also present with surgical emergencies such as obstruction or perforation. Rectal bleeding is a 

frequent first symptom of CRC but is also a symptom of conditions such as hemorrhoids, IBD, 

and other non-malignant conditions (104, 105).  

 

Patients suspected to have CRC should undergo a colonoscopy. Biopsies can also be obtained 

during colonoscopy, enabling subsequent histological confirmation of CRC. Preoperative 

visualization of the whole colon is important for the diagnosis of synchronous cancers (more 

than one primary CRC detected in a single patient at initial presentation), which occur in around 

4% of patients. In the case of incomplete preoperative visualization of the colon, it is 

recommended that colonoscopy be performed within 3 months after surgery. CTC can also be 

considered as a second-choice diagnostic test for patients with an incomplete preoperative 

colonoscopy (106, 107).  

 

2.1.12 Staging 
Preoperative staging of CRC is focused on determining the locoregional extent of the disease 

and the presence or absence of synchronous lesions and distant metastasis. For locoregional 

staging, a computed tomography (CT) scan of the abdomen and chest is recommended for 

preoperative imaging. This gives information about tumor invasion of adjacent organs and the 

presence or absence of peritoneal carcinomatosis, ascites, lymphadenopathy, and distant 

metastasis to the liver and lungs. A chest CT scan or X-ray is also recommended before surgery 

in order to search for lung metastasis. Ultrasound, magnetic resonance imaging (MRI), and 

positron emission tomography-computed tomography (PET-CT) can also be used as second-

line diagnostic tools when CT results are unclear regarding the diagnosis of liver metastasis. 

For patients with rectal cancer, preoperative MRI of the pelvis should be done in order to assess 

tumor stage and distinguish the tumor in relation to the mesorectal fascia (20, 106). MRI is used 

to measure the spread of the tumor in the surrounding mesorectum, nodal involvement, and 

extramural venous invasion. It is also used for assessment of the circumferential resection 

margin (CRM). The need for preoperative radiotherapy or chemoradiotherapy is based on 

preoperative local staging of rectal cancer by MRI (108). The evaluation of carcinoembryonic 

antigen (CEA), a serum marker, is used for preoperative staging as well as postoperative follow-

up of CRC patients (3, 102).  
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The current 8th edition of the TNM system for the classification of malignant tumors, published 

in 2017, is used by both the American Joint Committee on Cancer (AJCC) and the Union for 

International Cancer Control (UICC). The TNM system (Table 1) is used to describe the 

anatomical extent of disease and is based on the assessment of three components: the extent of 

the primary tumor (T), the absence or presence and extent of regional lymph node metastasis 

(N), and the absence or presence of distant metastasis (M). The TNM system uses two 

classifications, namely clinical classification (cTNM) and pathological classification (pTNM). 

cTNM denotes the pretreatment clinical classification essential for selecting and evaluating 

therapy and is based on evidence acquired before treatment. Such evidence, as discussed above, 

comes from physical examination, imaging, endoscopy, and biopsy. pTNM denotes the 

postsurgical histopathological classification that is used to guide adjuvant therapy and predict 

prognosis. pTNM is based on evidence acquired before treatment, which is later supplemented 

or modified after the acquisition of additional evidence from surgery and pathological 

examination. Cancer staging aids in the planning of adjuvant or palliative medical treatment, 

gives an indication of prognosis, assists in the evaluation of the results of treatment, and is 

essential for patient care, research, and cancer control. Essential tumor-related prognostic 

factors for survival in differentiated CRC include T, N, and M category, as well as the CRM 

for rectal cancer. Additional prognostic factors include vascular/lymphatic invasion, perineural 

invasion, tumor budding, and perforation (109, 110). Table 2 presents the TNM staging of CRC.   
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Table 1 - TNM table for CRC.  

T – Primary Tumor 

TX            Primary tumor cannot be assessed 
T0             No evidence of primary tumor 
Tis            Carcinoma in situ: invasion of lamina propria 
T1             Tumor invades submucosa 
T2             Tumor invades muscularis propria  
T3             Tumor invades subserosa or into non-peritonealized pericolic or perirectal tissues  
T4             Tumor directly invades other organs or structures and/or perforates visceral 
                  peritoneum 
T4a           Tumor perforates visceral peritoneum  
T4b           Tumor directly invades other organs or structures  

 
N – Regional Lymph Nodes 
NX            Regional lymph nodes cannot be assessed 
N0             No regional lymph node metastasis 
N1             Metastasis in 1 to 3 regional lymph nodes 
N1a           Metastasis in 1 regional lymph node 
N1b           Metastasis in 2 to 3 regional lymph nodes  
N1c           Tumor deposit(s), i.e. satellites, in the subserosa, or in non-peritonealized pericolic  
                  or perirectal soft tissue without regional lymph node metastasis 
N2             Metastasis in 4 or more regional lymph nodes 
N2a           Metastasis in 4-6 regional lymph nodes 
N2b           Metastasis in 7 or more regional lymph nodes 

 
M – Distant Metastasis  

M0            No distant metastasis 
M1            Distant metastasis 
M1a          Metastasis confined to one organ (liver, lung, ovary, non-regional lymph node(s))  
                  without peritoneal metastases  
M1b          Metastasis in more than one organ 
M1c          Metastasis to the peritoneum with or without other organ involvement  
 

Reprinted with permission from the TNM Classification of Malignant Tumours, 8th Edition 

(109).  
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Table 2 – TNM staging of CRC.  

Stage 0 Tis N0 M0 

Stage I T1, T2 N0 M0 

Stage II T3, T4 N0 M0 

Stage IIA T3 N0 M0 

Stage IIB T4a N0 M0 

Stage IIC T4b N0 M0 

Stage III Any T N1, N2 M0 

Stage IIIA T1, T2 N1 M0 

 T1 N2a M0 

Stage IIIB T1, T2 N2b M0 

 T2, T3 N2a M0 

 T3, T4a N1 M0 

Stage IIIC T3, T4a N2b M0 

 T4a N2a M0 

 T4b N1, N2 M0 

Stage IV Any T Any N M1 

Stage IVA Any T Any N M1a 

Stage IVB Any T Any N M1b 

Stage IVC Any T Any N M1c 

Reprinted with permission from the TNM Classification of Malignant Tumours, 8th Edition 

(109). 

 

2.1.13 Treatment 
Surgery is the mainstay curative treatment for patients with non-metastasized CRC and 

procedures differ for colon and rectal cancer. Neoadjuvant and adjuvant therapy regimens are 

also different for colon and rectal cancer (20). For patients with metastatic CRC (mCRC), 

treatment includes systemic therapy and surgery (111).  

 

2.1.13.1 Colon cancer 

The aim of colon cancer surgery is a wide resection of the involved section of the colon together 

with removal of its lymphatic drainage. The blood supply and distribution of regional lymph 

nodes determine the extent of the resection. The resection should also include a segment of 
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healthy colon at least 5 cm in length on either side of the tumor in order to remove regional 

lymph nodes and minimize anastomotic recurrence. Colonic segmental resection is performed 

according to primary tumor site. Patients with tumors in the right colon undergo right 

hemicolectomy or transverse colectomy, while patients with tumors in the left colon undergo 

left hemicolectomy. Patients with multiple colon cancers or LS should be considered for a total 

colectomy with ileorectal anastomosis (112, 113). For colon cancer, total resection of the tumor 

should be performed with adequate margins and lymphadenectomy. For T4 tumors, en bloc 

resection of invaded adjacent organs may be needed (24). Tumor adherence to adjacent organs 

or structures is seen in 15% of CRC cases and aggressive treatment is needed due to the direct 

extension of the tumor into these structures. En bloc removal of adjacent structures locally 

invaded by the tumor can lead to survival rates similar to those of patients without tumors that 

have invaded in this manner. Resection margins that are negative for cancer are required in 

order to achieve this result (112).  

 

2.1.13.2 Rectal cancer 

The rectum is located within the pelvis, and the bony constraints of the pelvis limit surgical 

access to the rectum (6, 114). Patients with locally advanced (stage II and III) rectal cancer as 

staged by MRI are therefore often given neoadjuvant therapy, in contrast to colon cancer 

patients. On the basis of several principal studies (115-117), two different schedules of 

preoperative therapy are the standards of care for rectal cancer patients: short-course 

preoperative radiotherapy for resectable tumors where the CRM is clear and downsizing of the 

tumor is not necessary, and long-course chemoradiotherapy when the CRM is threatened or to 

downsize locally advanced large tumors. For rectal cancer patients, preoperative radiotherapy 

reduces the risk of local recurrence after surgery by more than 50%. Short-course preoperative 

radiotherapy is given as a 25 Gy total dose at 5 Gy/fraction over the course of a week. It is most 

often followed by immediate surgery in less than ten days from the first radiation fraction. 

Long-course radiotherapy, such as five fractions of 1.8-2 Gy per week over 5-6 weeks, is also 

used, most often in combination with chemotherapy (108, 118). Preoperative long-course 

radiotherapy in combination with 5-fluorouracil (5-FU) has been shown to significantly reduce 

rates of local failure and was associated with reduced toxicity and an increased rate of sphincter 

presentation in patients with low-lying tumors. However, no overall survival benefit was 

achieved with preoperative chemoradiotherapy, although it is still suggested as the preferred 

treatment for patients with locally advanced rectal cancer due to its advantages (117, 119). 
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Short-course radiotherapy with delayed surgery, an alternative for long-course radiotherapy, 

has been found to lead to significantly fewer postoperative complications (118). 

 

Total mesorectal excision (TME), introduced by Heald in 1982, is the gold standard surgical 

technique for rectal cancer. TME involves the removal of the bowel wall and the mesorectum, 

which surrounds the rectal bowel wall and includes the draining lymph nodes (20, 120). With 

TME, all mesorectal soft tissues are removed intact. It is important to record the CRM (the 

shortest distance from cancer to mesorectal fascia) in the pathology report. A CRM of 1 mm or 

less should be classified as positive, as it is associated with a significantly increased risk of 

local recurrence (8). 

 

2.1.13.3 Adjuvant therapy 

Local failure rates are very low in colon cancer, but systemic recurrence following surgery is 

frequent and very often the ultimate cause of death. Stage I colon cancer patients are not given 

adjuvant therapy, as the 5-year survival rate for these patients is 85-95% after surgical resection 

alone. For stage II patients, the 5-year survival rate is 60-80% and for stage III patients 30-60% 

after surgery alone. For colon cancer patients, adjuvant therapy with 5-FU has been shown to 

decrease the risk of death by 3-5% in stage II patients (3, 20). 5-FU, a fluorinated pyrimidine, 

is the cornerstone of systemic treatment for colon cancer and acts primarily through the 

inhibition of thymidylate synthetase, the rate-limiting enzyme in pyrimidine nucleotide 

synthesis. 5-FU leads to the misincorporation of fluoronucleotides into RNA and DNA, thereby 

interfering with DNA synthesis and repair (114, 121). However, 5-FU does not improve 

survival in patients with MSI tumors, and treatment with 5-FU has been associated with reduced 

overall survival in patients with stage II MSI CRC (122). Coupled with the fact that stage II 

MSI CRC patients have been shown to have a good prognosis, surgery alone should be 

sufficient for the management of their disease (41). 

 

Guidelines recommend that adjuvant therapy be considered for high-risk stage II colon cancer 

patients. Patients are considered at high risk if they present at least one of the following 

characteristics: less than 12 lymph nodes sampled, a poorly differentiated tumor, a tumor with 

vascular, lymphatic, or perineural invasion, tumor presentation with obstruction or perforation, 

tumor budding, or a pT4-staged tumor (3, 20). The use of adjuvant chemotherapy for patients 

with stage II colon cancer is controversial and its routine use is not supported. It has not been 

found to significantly improve overall survival in stage II patients, as the absolute 
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improvements in survival are small and the optimal chemotherapy regimen for these patients is 

also unclear (123-125). Adjuvant treatment is given to stage III colon cancer patients and the 

standard treatment following surgery is a doublet schedule with a fluoropyrimidine such as 5-

FU together with oxaliplatin. The risk of death is decreased by 10-15% in stage III patients 

given fluoropyrimidines alone and is decreased by a further 4-5% in those treated with 

oxaliplatin-containing combinations (3, 20). The duration of adjuvant therapy is usually 6 

months, although shorter regimens of 3 months have been studied. However, the optimal 

duration is still unclear (126-128).  

 

For patients with rectal cancer, preoperative short-course radiotherapy and chemoradiotherapy 

have better outcomes than postoperative chemoradiotherapy. However, postoperative 

chemoradiotherapy can be given to rectal cancer patients at high risk of local recurrence. This 

includes patients who did not receive preoperative treatment and cases where adverse 

histopathological features such as positive resection margins or perforation in the tumor area 

are present after surgery, as well as in cases of incomplete mesorectal excision. Studies indicate 

that rectal cancer patients who undergo surgery alone could benefit from adjuvant 5-FU-based 

chemotherapy in terms of both disease-free and overall survival. While it is reasonable to 

consider adjuvant chemotherapy for rectal cancer patients after preoperative 

(chemo)radiotherapy and surgery, the decision should take into account the predicted toxicity 

and risk of relapse (20, 108).  

 

2.1.13.4 Metastatic disease  

Around 20% of CRC patients present with metastatic (stage IV) disease, characterized by the 

presence of tumor metastasis to distant organs (129, 130). Additionally, approximately 30-40% 

of patients with localized disease ultimately develop metastases (131). While CRC can 

metastasize to almost any organ, it most often metastasizes to the liver and lungs. CRC can also 

spread to the peritoneum, causing carcinomatosis (8). Colon tumors are more likely to spread 

to the peritoneum than rectal tumors, which more often metastasize to the lungs and bone (132). 

Patients with mCRC can achieve an overall survival of around 30 months as the result of 

comprehensive, continuous treatment with multiple therapies. The optimal therapeutic strategy 

for each patient must be determined on the basis of various clinical tests and assessments that 

take into account different aspects of the patient’s disease and their general health (111).  
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Treatment for mCRC favors the use of systemic combination chemotherapy. The typical first-

line chemotherapy backbone consists of a fluoropyrimidine (intravenous 5-FU or oral 

capecitabine) together with irinotecan or oxaliplatin in various combinations and schedules 

(111, 133). Capecitabine is an oral prodrug of fluorouracil that is absorbed through the 

gastrointestinal mucosa and subsequently undergoes enzymatic conversion to fluorouracil. 

Irinotecan and oxaliplatin interfere with DNA replication (131). First-line treatments include 

combinations of 5-FU, leucovorin, and oxaliplatin (FOLFOX), 5-FU, leucovorin, and 

irinotecan (FOLFIRI), capecitabine plus oxaliplatin (CAPOX), and 5-FU, leucovorin, 

oxaliplatin, and irinotecan (FOLFOXIRI) (111, 133). Leucovorin enhances the effects of 5-FU 

and is thought to stabilize the interaction between 5-FU and thymidylate synthetase (131).  

 

Together with combined chemotherapy regimens, targeted therapies are also used for mCRC 

treatment (20). The epidermal growth factor receptor (EGFR) is involved in signaling pathways 

that affect cell growth, proliferation, and apoptosis. EGFR expression on the surface of tumor 

cells occurs in up to 80% of CRC tumors and is associated with poor survival (134). The anti-

EGFR monoclonal antibodies cetuximab and panitumumab have demonstrated efficacy in CRC 

patients (131). Only a subset of mCRC patients treated with anti-EGFR therapies will respond 

to treatment (131). Patients with KRAS or NRAS proto-oncogene, GTPase (NRAS) mutations 

fail to derive benefit from treatment with both cetuximab and panitumumab. This is because 

KRAS and NRAS function downstream of EGFR and mutations in these genes bypass the need 

for upstream EGFR signaling. Patients with KRAS mutations (seen in around 40% of cases) or 

NRAS mutations (seen in around 3-5% of cases) should therefore not be offered anti-EGFR 

therapy (135-138).  

 

Other targeted therapies for mCRC include bevacizumab, a monoclonal antibody against 

vascular endothelial growth factor (VEGF), which stimulates blood vessel proliferation (131). 

The addition of bevacizumab to 5-FU-based first-line combination chemotherapy results in 

significant improvements in survival for patients with mCRC (139). Although the frequency of 

MSI and BRAF mutations in the tumors of mCRC patients is low, both are markers of inferior 

prognosis. The preferred first-line therapy for patients with BRAF mutant CRC is FOLFOXIRI 

plus bevacizumab (111, 140). Patients with MSI mCRC are also treated with chemotherapy and 

targeted therapies including bevacizumab (141). 
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While chemotherapy achieves high response rates in mCRC patients, it is rarely curative. Liver 

resection offers mCRC patients the chance of long-term survival, and in patients amenable to 

complete resection of all liver metastases, the 5-year survival rate can be up to 30% (111, 142). 

In unresectable patients, chemotherapy is used either with palliative intent or as a neoadjuvant 

approach in an attempt to render liver metastases resectable (conversion therapy). While 

survival times are slightly shorter for mCRC patients who need conversion therapy before 

surgery than for patients who present with initially resectable metastases, they are still far better 

than if resection was not performed at all (111). Around 15% of patients with liver metastases 

initially deemed unresectable will be able to undergo resection of their metastases following 

systemic chemotherapy (21). Patients assessed as unfit for any other treatment should receive 

best supportive care, with the goal of treatment being palliative (111). For palliative care, a less 

aggressive approach is possible, such as monotherapy with a fluoropyrimidine. Combination 

chemotherapy should be used upon disease progression. Supportive palliative care for mCRC 

patients also includes interventions such as pain relief and maintenance of physical condition 

and adequate nutrient intake (20).   

 

2.1.13.5 Follow-up and recurrence 

Despite optimal primary treatment through surgery and with or without adjuvant therapy, 30-

50% of colon cancer patients will relapse and subsequently die due to CRC. A rise in blood 

CEA levels is often the first sign of recurrence. A CT scan of the chest and abdomen can also 

be considered for patients at high risk of recurrence (3, 102). Around 60-70% of CRC 

recurrences after resection of the primary tumor involve the liver (143). Follow-up for rectal 

cancer patients includes clinical examination, imaging, and colonoscopy with the aim of early 

detection and treatment of local recurrence and metastases. Clinical examination and imaging 

using MRI and/or CT of the chest, abdomen, and pelvis are recommended, as are regular serum 

CEA tests. Recurrent CRC can be treated by either curative or palliative approaches. If 

radiotherapy has not already been given, patients with recurrent rectal cancer should be 

considered for preoperative (chemo)radiotherapy before an attempt at resection. In patients who 

have previously received radiotherapy, lower doses of radiotherapy may be given to facilitate 

resection or palliate symptoms (108).  
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2.1.14 Survival and prognosis 
The overall 5-year survival rate for patients with CRC is around 65%. When CRC is detected 

at an early stage, the 5-year survival rate can be around 90%, but less than 40% of cases are 

diagnosed when CRC is still localized (18). The survival rate also varies greatly worldwide, 

with rates ranging from 28-42% in developing countries to more than 60% in other countries 

such as the United States (144). Stage at diagnosis is the most important prognostic factor for 

patients with CRC (129, 145). For patients with localized (stage I and II) disease, the 5-year 

survival rate is almost 90%, but for patients with regional (stage III) disease, it drops to around 

71%. For patients with distant metastasis (stage IV disease), the 5-year survival rate is less than 

14%. The overall 5-year survival rate is 64% for patients with colon cancer and 67% for patients 

with rectal cancer (9). In Finland, the overall 5-year survival rate for patients with CRC is 66% 

(16).  

 

CRC prognosis is clearly related to the staging features of the TNM system, such as the degree 

of penetration of the tumor through the bowel wall and the presence or absence of lymph node 

involvement. Many additional parameters that the TNM classification does not take into 

account also affect prognosis, such as lymphatic, venous, or perineural invasion, and the 

involvement of resection margins (3, 102). The involvement of lymphatic or blood vessels has 

been associated with an increased risk of metastasis (146). Perineural invasion is characterized 

by tumor invasion of nervous structures and spread along nerve sheaths and is associated with 

more aggressive disease. It is an independent predictor of outcome in CRC, and patients with 

perineural invasion have been shown to be around twice as likely to die from CRC within 5 

years of diagnosis compared to perineural invasion-negative CRC patients (147).  

 

MSI status also has prognostic significance and CRC tumors displaying MSI have a 

significantly better prognosis than MSS tumors, although the reason for this is unclear (148, 

149). As mentioned previously, CMS is of prognostic value as well, and patients with CMS1 

tumors have worse survival after relapse, while patients with CMS4 tumors have worse relapse-

free and overall survival (88). Tumor budding, defined as single cells or clusters of up to four 

cells found at the invasive front of tumors, represents events that can be regarded as the first 

step of invasion, namely dedifferentiation and dissociation of cancer cells (150, 151). Tumor 

budding independently predicts adverse prognosis in CRC patients and is associated with higher 
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tumor TNM stage, high tumor grade, and the presence of lymphovascular invasion and 

subsequent lymph node and distant metastasis (4).  

 

2.2 Biomarkers 
A biomarker is defined as a biological molecule found in blood, other body fluids, or tissues 

that is a sign of a normal or abnormal process, such as a condition or disease. For patients with 

cancer, biomarkers can be used for the detection of disease, detecting or assessing the risk of 

recurrence, predicting prognosis, follow-up after radical treatment, and monitoring of disease 

progression (13, 152). This is because biomarkers serve as hallmarks of the physiological state 

of a cell at a given time and change during disease progression (153). The utility of a biomarker 

also lies in its ability to provide a factor that can be measured across populations (13). 

Biomarkers can be DNA markers (such as mutations in various genes), RNA markers, proteins, 

or glycans. While the TNM classification system is useful for staging and provides an 

anatomical basis for the prediction of survival and choice of initial treatment, it does not take 

into account additional information provided by factors such as biomarkers, which may also 

prove useful for cancer staging (154).  

 

Biomarkers are generally divided into diagnostic, prognostic, and predictive markers. 

Diagnostic markers are used for the detection of CRC. Prognostic markers are used to determine 

prognosis by estimating how likely CRC progression is and the likelihood of recurrence, 

progression, and/or metastasis despite adjuvant therapy. Prognosis is mainly assessed using 

radiological and pathological assessments and TNM staging is still the strongest prognostic 

tool. However, these assessments do not provide any additional information regarding the 

chance of recurrence/metastasis or resistance to adjuvant therapy. Predictive markers are used 

to predict response to therapy and can help determine the optimal course of treatment for each 

patient (155). Due to a lack of sensitivity and specificity, there are no existing serum markers 

in clinical use for the early detection of CRC (156). It has been shown that circulating tumor 

DNA (ctDNA), which is shed by tumors into the bloodstream and detected using sensitive 

polymerase chain reaction-based approaches, can be of value as a noninvasive marker for the 

diagnosis of CRC and can also supply prognostic and predictive information. However, further 

studies and validation are still needed and routine ctDNA testing is currently not recommended 

(157, 158). 
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In 1965, Gold and Freedman demonstrated the presence of a tumor-specific antigen, CEA, in 

CRC tumor tissue extracts (159). CEA has since been characterized and found to be a large 

glycoprotein, consisting of approximately 50% carbohydrates. A member of the 

immunoglobulin superfamily, CEA appears to function as a cell adhesion molecule. In the 

clinic, CEA is used as a serum tumor marker due to advantages such as its stability, fairly 

restricted expression in healthy tissues, and high expression in certain tumors including CRC. 

However, elevated levels of CEA are nonspecific for CRC and are also seen in other types of 

cancer including gastric, pancreatic, and lung cancer (160). Despite this, CEA is the most 

widely used blood-based biomarker for CRC and is used for determining prognosis, 

surveillance following curative resection, and monitoring response to therapy in advanced 

disease. In patients with advanced disease, CEA levels should be measured before the start of 

treatment and every 2-3 months during treatment in order to monitor response to therapy (156). 

Elevated CEA levels correlate with CRC progression and levels decrease after tumor resection 

(161). CEA has been proven to be the most frequent indicator of disease recurrence in 

asymptomatic patients (162).  

 

Diagnostic markers for the screening of CRC include stool-based tests such as the gFOBT and 

FIT, which detect the presence of blood in stool samples. Both the gFOBT and FIT are limited 

by low sensitivity and specificity, although they have the advantage of being noninvasive (155). 

Testing of MSI status can be of both prognostic and predictive value in CRC, as MSI tumors 

are associated with a better prognosis. MSI status also predicts response to adjuvant therapy, as 

patients with tumors that display MSI do not benefit from 5-FU-based chemotherapy (156). In 

mCRC patients, MSI testing also has predictive value for the use of immunotherapy. BRAF 

mutations are seen in 8-12% of mCRC patients and are associated with a poor prognosis. BRAF 

mutation status should therefore be determined for the prognostic assessment of these patients. 

Mutations in KRAS and NRAS are used as predictive markers in mCRC patients as they predict 

a lack of response to anti-EGFR therapy. RAS testing is therefore recommended for all patients 

at the time of mCRC diagnosis (111).  

 

Better biomarkers are needed, although the implementation of new clinical blood tests is 

difficult due to the lack of a pipeline connecting biomarker discovery to established methods 

of validation. New biomarker candidates must, after discovery, go through qualification, 

verification, assay optimization, validation, and commercialization. Qualification demands that 

the differential expression of the candidates is detectable by the assay used in verification 
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studies, which is typically a different assay than the one used for discovery. If so, then the 

candidates advance to verification, which uses methods that provide better quantification of the 

candidates than during discovery and is performed on samples that are similar to the population 

in which a blood test would eventually be used. After verification, the candidate biomarkers 

have been narrowed down to only those that can be consistently detected in plasma and have 

measurably different levels between the conditions measured, such as disease vs. no disease. 

Assay optimization and validation involve the measurement of thousands of samples and 

usually require the development of antibodies for each candidate. Enzyme-linked 

immunosorbent assay is a sensitive technique that can detect proteins at low concentrations and 

is ideal for validation. After the assay is optimized, the analytical performance can be assessed. 

Ideally, candidate biomarkers should also undergo evaluation in human studies (phase 1-4 

trials) that assess their clinical utility and success in predicting the presence or absence of 

disease, as well as if the test positively influences the ultimate outcome of tested patients. If a 

candidate passes all these steps, companies will decide whether or not to pursues the marker 

commercially (163). Any candidate biomarkers must also be approved as safe and effective, as 

well as reasonable and necessary for improved patient care (154). 

 

2.2.1 Biomarker discovery by mass spectrometry 
There are different proteomic techniques used in cancer biomarker discovery, most of which 

rely on MS (164). A mass spectrometer is comprised of a sample inlet, an ion source, a mass 

analyzer, a detector, and a data processing system that produces the mass spectrum. Mass 

spectrometry analysis begins with the production of gas-phase ions of the compound. The ions 

are separated in the mass spectrometer according to their mass-to-charge ratio (m/z) and 

detected in proportion to their abundance. A mass spectrum is subsequently produced, which is 

the two-dimensional depiction of signal intensity versus m/z. Each peak on the mass spectrum 

is the m/z of an ion created from the sample analyzed, and the intensity of each peak is correlated 

to the abundance of the ion in question. The intensity of the most intense peak, called the base 

peak, is often normalized to 100% relative intensity in order to more easily compare the mass 

spectra (165, 166).  

 

Matrix-assisted laser desorption/ionization (MALDI), used in Study I, is an ionization 

technique introduced in the late 1980s (167-169). Advantages of MALDI include 

straightforward sample preparation, the ability to analyze a wide range of proteins, 
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glycoproteins, and other biopolymers, and quick analysis of samples (169). For analysis by 

MALDI, samples are prepared by mixing or coating them with a matrix. The matrix consists of 

a solvent that contains small, energy-absorbent organic molecules. This mixture is dried, upon 

which the matrix and the molecules of the sample to be analyzed crystallize. The sample is then 

ionized using a laser beam, whereupon desorption and ionization with the laser beam leads to 

the generation of singly protonated ions from the sample. MALDI is often used together with 

time-of-flight (TOF) analyzers, which separate ions according to their velocities. The ions are 

first accelerated towards the analyzer and acquire the same kinetic energy during their 

acceleration. However, ions with lower masses travel faster than ions with higher masses, and 

they therefore separate from each other on the basis of their m/z during their drift through the 

flight tube. The ions display different velocities, or times of flight, and subsequently hit the 

detector at different speeds (165, 170).  

 

Chromatography, during which the sample is carried in a mobile phase through a stationary 

phase, is often used to separate complex mixtures. Separation occurs because the molecules in 

a sample have different affinities for the stationary phase and subsequently have different 

retention times. The eluate then arrives at the ion source of the mass spectrometer and is ionized, 

after which the ions are separated. Ultra performance liquid chromatography (UPLC) increases 

chromatographic performance for the separation of complex mixtures. This is done by using a 

packing material with a particle size of less than 2 m and a chromatographic system that 

operates at high pressures (170). UPLC provides improved peak resolution and dramatic 

increases in speed and sensitivity in comparison to high performance liquid chromatography. 

Additionally, mass spectrometric detection is also enhanced by UPLC, as the higher 

chromatographic efficiency of UPLC leads to higher peak capacity and better resolution, both 

of which are important for the analysis of peptides and proteins (171, 172). In normal liquid 

chromatography (LC), the stationary phase is polar and the mobile phase is nonpolar. However, 

in reverse-phase LC, which was used in Studies II-IV, the stationary phase is nonpolar and the 

mobile phase is polar. Reverse-phase LC is widely used due to its broad applicability to many 

different compounds (173). 

 

Electrospray ionization (ESI) came into prominence as a powerful technique for producing 

intact ions from large, complex, and fragile parent species in the late 1980s (174, 175). ESI 

ionizes molecules directly from the liquid phase, making it an ideal technique to couple with 

LC. An electric potential is applied to the liquid containing the sample, which is contained in a 
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capillary, and the liquid is pulled into a so-called Taylor cone. The strong electric field causes 

the sample to disperse into an aerosol of charged droplets, which is assisted by the flow of a 

sheath gas (nitrogen). From the tip of the cone, a spray of charged droplets is ejected. These 

droplets shrink due to evaporation of the solvent, which is also assisted by the flow of nitrogen 

gas. Ions are subsequently formed and pass into the mass analyzer (170, 176, 177).   

 

A hybrid mass spectrometer consists of at least two different types of mass analyzers that are 

coupled together. In Studies II-IV, UDMSE was performed using a hybrid 

quadrupole/orthogonal acceleration time-of-flight (oa-TOF) mass spectrometer. In an oa-TOF 

mass spectrometer, the ions generated by the ion source, in this case ESI, enter the mass 

analyzer perpendicular to its main axis. In the gas-filled collision cell, fragmentation of the ions 

occurs through collision-induced dissociation (CID). During CID, precursor ions collide with 

atoms of a gas such as argon (used in Studies II-IV), nitrogen, or helium, and subsequently 

fragment. The fragmented ions are then re-accelerated and enter the TOF analyzer, where they 

separate according to their masses before reaching the detector (170, 178).  

 

2.2.2 Glycans 
Glycans are carbohydrates that exist either in free form or as part of complexes together with 

proteins or lipids (so-called glycoconjugates). Glycans are involved in many physiological 

functions such as development and differentiation, as well as cell signaling, growth, adhesion, 

and motility. Almost all types of cancer cells display altered glycosylation patterns, which are 

often due to altered activities of glycan-modifying enzymes. Certain glycoconjugates are 

specifically and preferentially displayed on cancer cells, and malignant transformation is also 

often accompanied by the expression of glycoconjugates usually only expressed in embryonic 

tissues (179, 180). Glycan changes in malignant cells also include increased expression of 

incomplete or truncated glycans and the loss of or excessive expression of certain glycans (181).  

 

Two types of glycans can be found in glycoproteins, namely N-linked glycans and O-linked 

glycans. N-linked glycans are glycans linked to asparagine in the amino acid sequence 

asparagine-X-serine/threonine, where X is any amino acid except proline, whereas O-glycans 

are linked to serine or threonine residues (182). N-glycans can be released from glycoproteins 

using peptidase N-glycosidase F (PNGase F), which cleaves the linkage between glycan and 

protein. The glycans can then be analyzed by MS and the glycosylation between samples can 



 34 

be compared. Other techniques to analyze glycans include the use of lectins, which are 

carbohydrate-binding proteins, and antibodies (183). Many biomarkers widely used in the 

clinic, such as CEA, are glycoproteins, while others directly detect glycan epitopes, such as 

carbohydrate antigen 19-9 (CA19-9) (184). Elevated levels of CA19-9 are seen in conditions 

such as pancreatic cancer, where it has been used to predict recurrence and monitor patients 

undergoing treatment. Elevated CA19-9 levels are also seen in CRC, among other types of 

cancer, and in inflammatory and benign conditions as well. The use of CA19-9 as a biomarker 

for CRC patients is not recommended (185). 

 

Changes in glycan expression in cancer cells are not simply a random consequence of malignant 

transformation. It is likely that tumor cells bearing specific altered glycans are selected for 

during cancer progression. Glycans are involved in many different aspects of cancer, among 

them proliferation, invasion, angiogenesis, and metastasis (180, 181). Glycans are of value as 

biomarkers, and some of the most common blood-based biomarkers used in the clinic are 

glycoproteins. They are also of interest as novel targets for new therapies and treatments (186, 

187). However, discerning the role of specific glycans in cancer has proven to be challenging, 

as many factors besides glycosylation contribute to malignant transformation. Additionally, 

methods to directly analyze tumor tissue samples in order to monitor cancer-specific 

glycosylation require surgical biopsy followed by histological analysis (11). A summary of 

several previous studies that have investigated changes in the N-glycome of CRC patients is 

given in Table 3.  
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Table 3 – A summary of several studies investigating changes in the N-glycome of CRC 

patients.  

Aim of the study Sample type Method used Main findings Reference 

To compare the 
N-glycome of 

control and CRC 
patients 

Serum MALDI-TOF 
MS 

The levels of 
several fucosylated 

glycans were 
elevated in CRC 

samples 

Snyder et al. (188) 

To compare the 
N-glycome of 

control and CRC 
patients 

Serum MALDI-TOF 
MS 

Increased size and 
sialylation of N-
glycans in CRC 

patients 

de Vroome et al. 
(189) 

To profile the N-
glycosylation 

changes 
associated with 

CRC by 
comparing 

healthy and CRC 
samples 

Tissue LC-MS/MS 

Overrepresentation 
of high mannose 

type and sialylated 
complex N-glycans 

Sethi et al. (190) 

To compare the 
N-glycan profiles 

of CRC and 
normal colon 

tissue 

Tissue MALDI-TOF 
MS 

Increased levels of 
sulfated and 

paucimannosidic 
glycan in tumor 
samples. Core-

fucosylated high 
mannose N-glycans 
also found in CRC 

samples. 

Balog et al. (191) 

To compare the 
N-glycan profiles 

of rectal 
adenomas and 

carcinomas 

Tissue MALDI-TOF 
MS 

Sialylated and 
paucimannosidic N-

glycans more 
abundant in 
carcinomas. 

Difference in N-
glycan profiles also 
seen between local 
and advanced CRC. 

Kaprio et al. (192) 

 

2.2.3 Proteins 
Proteomics is the study of the proteome, the set of all proteins expressed in a cell, tissue, or 

organism. Mass spectrometry-based proteomic analysis is used in efforts to discover new 

biomarkers (164). However, monoclonal antibodies have been used for decades to test antigens 

in order to study if any of them could be of use in distinguishing between diseased and normal 

samples. This approach has been useful in discovering new antigens that were shed into plasma 

(193). An example of this is cancer antigen 125 (CA125), which was identified as an antigen 
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on a large glycoprotein recognized by a specific monoclonal antibody, OC125 (194). CA125 is 

routinely used in the clinic for the monitoring of response to chemotherapy in patients with 

ovarian cancer but is not recommended as a screening test due to low sensitivity and limited 

specificity (195). Most of the FDA-approved cancer biomarkers in clinical use are proteins and 

glycoproteins (154).  

 

The proteome is valuable for biomarker discovery as it, in contrast to the genome, is dynamic 

due to factors such as posttranslational modifications, the regulation of gene expression, and 

the differential splicing of mRNAs. Changes occur at protein level during the process of 

transformation from a normal cell into a neoplastic cell. These changes include altered protein 

expression, differential protein modification, changes in activity, and inappropriate 

localization, all of which can affect cellular function (10, 13). Biomarkers that can be measured 

from blood are ideal due to the ease of obtaining blood samples and the dynamic nature of the 

circulatory system, which reflects both physiological and pathological states. Components of 

blood that could function as biomarkers by providing an indication of cancer status are for 

example circulating tumor cells, ctDNA, RNA, proteins, and metabolites (196).  

 

Blood plasma is well-suited for the discovery of biomarkers as it is protein-rich and reflects 

what the blood has encountered during its circulation through the body (153). The plasma 

proteome is the most complex human-derived proteome, although the wide dynamic range of 

abundances of other proteins and its heterogeneity complicate its characterization. While true 

plasma proteins are defined as those that carry out their functions in the circulation, plasma 

contains a myriad of other proteins. The proteins in plasma are classified into the following 

groups: proteins secreted by tissues (largely by the liver and intestines) that act in plasma, 

immunoglobulins, receptor ligands, temporary passengers, tissue leakage products, aberrant 

secretions (such as proteins released from tumors), and foreign proteins (193). 

 

CRC cell lines have been used in proteomic studies to identify candidates for new biomarkers 

of various aspects of CRC. A study comparing two CRC cell lines, one with poor and the other 

with high metastatic potential, discovered 60 differentially expressed membrane proteins with 

a fold change of greater than 1.5. Several were proteins involved in cell signaling and adhesion 

that could have roles in liver metastasis (197). Another study that also analyzed the cell surface 

proteins of several CRC cell lines identified 44 proteins that could be promising candidates for 

biomarkers of progression from adenoma to carcinoma. These proteins could be targeted using 
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molecular imaging modalities due to their location on the cell surface and could also function 

as new drug targets (198). A study comparing the whole cell proteomes of two isogenic CRC 

cell lines (SW480 and its lymph node metastatic variant SW620) discovered 147 proteins that 

had significantly altered levels in the metastatic cell line, which could be of value as markers 

of metastasis (199). Another study used proteomics to compare the secretomes of the same two 

cell lines and found 145 differentially expressed proteins. The authors subsequently showed 

that two of these proteins, trefoil factor 3 and growth/differentiation factor 15, were also 

upregulated in the serum of CRC patients when compared to non-CRC controls (200).  

 

Studies have also compared the proteomic profiles of CRC and healthy colon tissue samples, 

most of which have studied human tissue samples. However, one study compared protein 

expression in tumor and adjacent healthy colon tissue samples from ApcMin/+ mice, which 

develop tumors due to a mutation in the Apc gene. This study found 27 proteins that were 

upregulated and 25 that were downregulated in CRC tumors, which may have roles in CRC 

onset and progression (201). A study comparing CRC and paired normal tissue samples found 

25 proteins that were differentially expressed between the groups. This study also compared 

the CRC tissues according to whether lymph node metastasis was present or not and found that 

three proteins (heat shock protein 27, glutathione S-transferase, and annexin II) had elevated 

levels in lymph node metastatic CRC (202). One study compared samples from paired CRC 

and corresponding healthy tissue, as well as samples of fetal colon tissues. The authors found 

that desmin was upregulated in both CRC and fetal colon tissues and showed that 

overexpression of desmin was linked to decreased survival. Further, desmin levels were also 

elevated in the serum of CRC patients, indicating that it could be of value as a diagnostic and 

prognostic marker (203). 

 

Multiple previous proteomic studies of CRC have attempted to identify new blood-based 

biomarkers for the early detection of CRC. Studies have also aimed to discover new prognostic 

and predictive biomarkers (204, 205). A study by Ward et al. analyzed serum from CRC 

patients and non-CRC controls and identified several proteins, including transferrin, that could 

be of use for the diagnosis of CRC. However, the proteins they identified and suggested as 

potential candidates for diagnostic markers of CRC are all common serum proteins and changes 

in their levels are nonspecific for CRC (206). A study that analyzed plasma samples from CRC 

patients and healthy controls discovered that the levels of complement component C9 (C9) were 

elevated in CRC patients, indicating that measuring the levels of C9 may be of use for the early 
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detection of CRC (207). We have also previously analyzed the serum proteomic profiles of 

CRC patients divided into groups depending on C-reactive protein (CRP) levels (<30 or >30), 

as increased CRP levels have been associated with a poor prognosis in CRC patients, and, 

separately, 5-year survival times (short or long). In this study, we discovered multiple proteins 

that could be of value as new prognostic markers for CRC patients after further validation (208). 

Studies like these will hopefully assist in the development of new non-invasive biomarkers for 

CRC patients.  
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3. Aim of the study 

This study focused on the glycomic and proteomic profiling of CRC. The aim was to analyze 

the differences in glycan and protein levels depending on primary tumor location, stage, and 

patient outcome. The specific aims were: 

 

I. To study the differences in N-glycan levels in CRC tissue samples depending on tumor 

location and stage.  

II. To study the differences in plasma protein levels depending on CRC stage (II or III).  

III. To study the differences in plasma protein levels depending on primary tumor location 

(right colon, left colon, or rectum).  

IV. To study if plasma proteins whose levels differ depending on CRC patient outcome 

could be identified.  
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4. Materials and methods  
4.1 Patients 
All patients underwent surgical resection with curative intent at the Department of Surgery, 

Helsinki University Hospital, Helsinki, Finland. The clinical data was obtained from patient 

records, the survival data from the Digital and Population Data Services Agency, and the cause 

of death for all the deceased from Statistics Finland. Patients with a previous history of non-

colorectal cancer, LS, FAP, ulcerative colitis, Crohn’s disease, or mucinous tumors were 

deliberately excluded from the studies. These studies were approved by the Surgical Ethics 

Committee of Helsinki University Hospital (Dnro HUS 226/E6/06, extension TMK02 §66 

17.4.2013) and carried out in accordance with the Declaration of Helsinki. Written informed 

consent was obtained from all participants prior to sample collection. 

 

4.1.1 Study I 
This study used tumor tissue samples from 35 colon cancer patients who underwent surgery at 

Helsinki University Hospital between 1996 to 2003. These patients were chosen according to 

the location (right or left colon) and stage of their tumor (II or III). The median age was 64 

years (range 43-89). Detailed characteristics of the CRC patients are given in Table 4. This 

study also used 10 samples of healthy colon tissue from patients who had undergone surgery 

for other reasons than CRC (see S1 Table of Study I for further details). The median age for 

these 10 patients was 37 (range 1-74). Five samples were from the right colon (caecum) and 

five from the left colon (sigma). The hematoxylin- and eosin-stained slides of the healthy colon 

samples were confirmed by an experienced pathologist to be either unaffected or only slightly 

affected by the cause of the operation and to display either completely or mostly normal 

histology.  

 

4.1.2 Study II-IV 
These studies used plasma samples from CRC patients who underwent surgery at Helsinki 

University Hospital between 2000 to 2007. Plasma samples were collected preoperatively on 

the day of surgery. In studies II and III, plasma samples from a total of 83 patients with stage 

II or III cancer in the right colon, left colon, or rectum were analyzed. The median age was 66.5 

(range 32-88). Study IV analyzed the same plasma samples, although several samples from 

patients who died due to reasons other than CRC were removed from this study, leaving a total 
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of 76 samples. The median age was 64 (range 32-86). The patient cohort is presented in Table 

4.  

 

Table 4 – The CRC patient cohort whose samples were analyzed in Studies I-IV. 

 Study I  Studies II and III  Study IV 

  
Years 

 
Years 

 
Years 

Median age (range) 64 (43-89) 66.5 (32-88) 64 (32-86) 

  
n(%) n(%) n(%) 

Gender    
Male 17 (48.6) 37 (44.6) 33 (43.4) 

Female 18 (51.4) 46 (55.4) 43 (56.6) 
    

Stage    
II 18 (51.4) 34 (41.0) 33 (43.4) 
III 17 (48.6) 49 (59.0) 43 (56.6) 

    
Location    

Right colon 18 (51.4) 27 (32.5) 23 (30.3) 
Left colon 17 (48.6) 26 (31.3) 24 (31.6) 

Rectum 0 (0.0) 30 (36.2) 29 (38.1) 
    

Location & stage    
Right colon, stage II 9 (25.7) 11 (13.3) 11 (14.5) 
Left colon, stage II 9 (25.7) 10 (12.0) 10 (13.2) 

Rectum, stage II 0 (0.0) 13 (15.7) 12 (15.8) 
Right colon, stage III 9 (25.7) 16 (19.3) 12 (15.8) 
Left colon, stage III 8 (22.9) 16 (19.3) 14 (18.4) 

Rectum, stage III 0 (0.0) 17 (20.5) 17 (22.4) 
    

Post-operative survival    
<5 years 12 (34.3) 27 (32.5) 22 (29.0) 

5 years 23 (65.7) 56 (67.5) 54 (71.0) 
    

Cause of death    
CRC 17 (48.6) 30 (36.2) 30 (39.5) 
Other 0 (0.0) 7 (8.4) 0 (0.0) 

Still alive 18 (51.4) 46 (55.4) 46 (60.5) 
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4.2 Methods in Study I  
4.2.1 Tissue samples 
Formalin-fixed, paraffin-embedded (FFPE) tumor tissue samples were obtained from the 

archives of the Department of Pathology, Helsinki University Hospital. Representative areas of 

carcinoma tissue were marked on hematoxylin- and eosin-stained slides by an experienced 

pathologist. Samples were punched from the FFPE tissue blocks using a 3.0-mm puncher. For 

the healthy colon tissue samples, 10 m flakes were cut using a microtome, due to the better 

yield of epithelial cells made possible by sectioning.  

 

4.2.2 Glycan isolation 
The samples were deparaffinized with xylene and an ethanol-water series according to standard 

procedures. N-linked glycans were detached from cellular glycoproteins by PNGase F digestion 

(Prozyme, Hayward, CA). The detached glycans were passed in water through C18 silica, after 

which they were absorbed to graphitized carbon material. Both of these steps were done in 96-

well format. The carbon wells were washed with water and neutral N-linked glycans were 

eluted using 25% acetonitrile, while acidic N-linked glycans were eluted using 0.05% 

trifluoroacetic acid in 25% acetonitrile in water. The acidic glycans were further purified 

through hydrophilic interaction solid-phase extraction done in 96-well format. Both glycan 

fractions were then passed in water through strong cation-exchange resin before MS analysis.      

 

4.2.3 Mass spectrometry (MALDI-TOF) 
MALDI-TOF mass spectrometry was performed using a Bruker Ultraflex III TOF/TOF mass 

spectrometer (Bruker Daltonics Inc, Bremen, Germany). Neutral N-glycans were detected in 

positive ion reflector mode as [M+Na]+ ions and acidic N-glycans in negative ion reflector 

mode as [M-H]- ions. The relative molar abundances of neutral and acidic glycan components 

were assigned based on their relative signal intensities in the mass spectra when analyzed 

separately as neutral and acidic N-glycan fractions. The mass spectrometric raw data was 

transformed into the present glycan profiles by removing signals not arising from the original 

glycans in the samples, as previously described (209). The resulting glycan signals in the glycan 

profiles were normalized to 100% to allow comparison between the samples and were assigned 

to biosynthetic groups based on their proposed monosaccharide compositions (209, 210).  
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4.2.4 Data analysis  
N-glycan data was analyzed in different groups according to tumor location and stage. In total, 

glycan levels were analyzed within ten different groups, given in Table 5. Both specific 

monosaccharide compositions and classes of N-glycans were analyzed in these groups. The 

neutral and acidic N-glycan profiles were stratified by biosynthetic classification rules based 

on the amounts of hexose (H), N-acetylhexosamine (N), and deoxyhexose (F) residues in the 

proposed monosaccharide compositions. The classes were then shown as the proportion of 

major glycan structural classes (N-glycan classes) between the different groups of CRC 

samples, similarly to as previously described (192). 

 

Table 5 – The groups within which neutral and acidic N-glycan and glycan class levels 

were analyzed. 

Number Group Size 

1 Right-sided CRC vs. left-sided CRC 18 vs. 17 
2 Right-sided CRC vs. left-sided CRC, stage II samples 

only 
9 vs. 9 

3 Right-sided CRC vs. left-sided CRC, stage III samples 
only 

9 vs. 8 

4 Stage II vs. III CRC, all samples 18 vs. 17 
5 Stage II vs. III CRC, right-sided samples only 9 vs. 9 

6 Stage II vs. III CRC, left-sided samples only 9 vs. 8 
7 Healthy colon tissue, right vs. left 5 vs. 5 
8 Right colon, healthy tissue vs. CRC 5 vs. 18 
9 Left colon, healthy tissue vs. CRC 5 vs. 17 

10 Healthy colon tissue vs. CRC, all samples 10 vs. 35 

 

For statistical analyses, the Mann-Whitney U test was used on the values of the relative 

intensities of the N-glycan signals to compare the differences between the groups. P-values of 

less than 0.05 were considered statistically significant and the false discovery rate (FDR) was 

controlled using the Benjamini-Hochberg method (211). The Mann-Whitney U test and FDR 

correction were performed using SPSS version 24.0 (IBM SPSS Statistics, IBM Corporation, 

Armonk, NY). Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) 

modeling was performed using the ropls R package (212). For OPLS-DA modeling, both 

neutral and acidic proposed monosaccharide compositions with non-FDR corrected p-values of 

less than 0.05 were used in the same model.    
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4.3 Methods in Studies II-IV 
4.3.1 Plasma samples 
Preoperative blood samples were collected in EDTA tubes and centrifuged, after which the 

plasma was transferred to separate tubes and frozen at -80 °C. The plasma samples were 

obtained from our research group’s archives and processed as described below.  

 

4.3.2 Sample processing 
The plasma samples were thawed and top 12 protein depletion was performed using the TOP12 

protein depletion kit (Pierce, ThermoFisher, MA, USA) according to the manufacturer’s 

instructions. The proteins removed were albumin, IgG, IgA, IgM, 1-antitrypsin, 1-acid 

glycoprotein, 2-macroglobulin, apolipoprotein A-I, apolipoprotein A-II, fibrinogen, 

haptoglobin, and transferrin.  The total protein concentration was determined and the amount 

of plasma equivalent to 100 g protein was aliquoted and dried. The dried plasma was then 

dissolved in 35 l Tris buffer (50 mmol/L, pH 7.8) containing 6M urea, after which 1.8 l of 

dithiothreitol (DTT, 200 mmol/L) was added to the samples. The samples were shaken for 1 

hour at room temperature, after which 7 l of iodoacetamide (200 mmol/L) was added to each 

sample. The samples were again shaken for 1 hour at room temperature, after which 7 l of 

DTT (200 mmol/L) was added to each sample. The samples were shaken for 1 more hour at 

room temperature before being diluted by the addition of 270 l mQ water per sample. Trypsin 

was added at a ratio of 1:50 trypsin to protein and the samples were digested at 37 °C overnight. 

Next, 30 g of tryptic peptides were cleaned using C18 spin columns (Pierce, ThermoFisher, 

MA, USA) and the cleaned peptides were dissolved in 86 l of 0.1% formic acid containing 

12.5 fmol/ l of Hi3 spike-in standard peptides (Waters, MA, USA) for quantification and 

normalization (213).    

 

4.3.3 Mass spectrometry (UPLC-UDMSE) 
Ultra Performance Liquid Chromatography-Ultra Definition Mass Spectrometry (UPLC-

UDMSE) was used in Studies II-IV. During UPLC-UDMSE, samples are ionized using ESI, and 

UDMSE was performed using an oa-TOF mass spectrometer. UPLC-UDMSE was performed 

as follows. Four l of each sample, equivalent to around 1.4 g protein, was injected into a 

nanoACQUITY UPLC-system (Waters Corporation, MA, USA). TRIZAIC nanoTile 85 m x 

100 mm HSS-T3u wTRAP was used for separation. The samples were loaded, trapped, and 

washed for two minutes with 8.0 l/min with 1% B (0.1% formic acid in acetonitrile). The 
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analytical gradient used was as follows: at 0-1 minutes 1% B, at 2 minutes 5% B, at 65 minutes 

30% B, at 78 minutes 50% B, at 80 minutes 85% B, at 83 minutes 85% B, at 84 minutes 1% B 

and at 90 minutes 1% B with 450 nl/min. Buffer A was 0.1% formic acid in water.  

 

Data were acquired in data-independent acquisition fashion using UDMSE mode with a Synapt 

G2-S HDMS (Waters Corporation, MA, USA). UDMSE mode was used to optimize the 

collision energies, as described by Distler et al. (214). Data were collected in the range of 100-

2000 m/z, scan time one second, IMS wave velocity 650 m/s. Collision energy was ramped 

from 20 to 60 V and calibration was performed with sodium iodide clusters over a mass range 

of 50-2500 m/z by infusing 2 g/ l sodium iodide solution in 50/50 2-propanol/water into the 

mass spectrometer. 10% of the samples were run in triplicate. 

 

4.3.4 Data analysis 
Data analysis and label-free quantification were performed essentially as previously described 

(208, 213). To summarize, the raw files were imported to Progenesis QI for proteomics 

(Nonlinear Dynamics, Newcastle, UK). Post-acquisition mass correction was performed when 

the raw data was imported into Progenesis with a lock mass ion of M+H+ 556.2771 m/z. 

Leucine enkephalin (C25H37O7, 1ng/ l in 50:50 acetonitrile:water + 0,1% formic acid) was 

infused into the reference sprayer at 300 nl/min for this purpose. Default parameters were used 

for peak picking and alignment. A ClpB protein sequence (CLPB_ECOLI (P63285)) was 

inserted for label-free quantification. Fixed modification at cysteine (carbamidomethyl) and 

variable at methionine (oxidation) were used. Trypsin was used as a digesting agent, with one 

missed cleavage allowed. Fragment and peptide error tolerances were set to automatic settings, 

and the false discovery rate (FDR) was set to less than 2%. The default parameters for ion 

matching were used, which were one or more ion fragments per peptide, three or more 

fragments per protein, and one or more peptides per protein. Progenesis uses ProteinLynx 

Global SERVER™ as a search engine when UDMSE data is matched against the Uniprot 

database. The peptide identification was done against Uniprot human FASTA sequences 

(release 2018_04). 

 

The parsimony principle was used to group the proteins, and peptides unique to the protein 

were also reported. Progenesis QI for proteomics does not follow a strict parsimonious 

approach due to over-stringency, which has been previously observed (215). If two proteins 



 46 

with common peptides are found, the protein with fewer peptides is subsumed into the protein 

with more peptides. All relevant proteins are listed as a group under the lead protein with the 

highest coverage or score if the coverages of two or more proteins are equal. Quantitation was 

performed using the lead identity peptide data. Further details can be found on Nonlinear 

Dynamics’ website (www.nonlinear.com).  

 

4.3.5 Further analysis 
4.3.5.1 Study II 

The differences between the groups were analyzed using the Mann-Whitney U test. Proteins 

with p-values of less than 0.05 were considered to have significantly different levels between 

the groups. Principal component analysis (PCA) was performed using Progenesis QI for 

proteomics in order to help visualize the differences between the groups. Pathway analysis was 

performed using Ingenuity Pathway Analysis (IPA) (QIAGEN Bioinformatics, Redwood City, 

CA). Only proteins that passed the cutoff of a Mann-Whitney U test p-value of less than 0.05 

were used for pathway analysis.  

 

4.3.5.2 Study III 

The differences between the groups were analyzed using the ANOVA test. P-values were 

corrected using the Bonferroni correction and Bonferroni-corrected ANOVA-passing p-values 

of less than 0.01 were considered significant, thereby ensuring stringent analysis. Data were 

normalized by Pareto scaling after which PCA and hierarchical clustering were performed using 

Metaboanalyst version 4.0 (216, 217). For PCA all proteins were used as input, while for the 

generation of heatmaps, only those proteins that had Bonferroni-corrected ANOVA-passing p-

values of less than 0.01 were used. Pathway analysis was performed using IPA (QIAGEN 

Bioinformatics, Redwood City, CA). All proteins with an ANOVA p-value of less than 0.05 

were used for pathway analysis, which was performed separately using these proteins for all 

samples, stage II samples, and stage III samples between two tumor locations at a time (right 

colon and left colon, right colon and rectum, and left colon and rectum) as IPA cannot perform 

comparisons between three groups at the same time. 

 

4.3.5.3 Study IV 

Survival was analyzed using the Kaplan-Meier method, log-rank tests, and Cox proportional 

hazards regression analysis. For age- and stage-adjusted analyses, Cox proportional hazards 
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regression analysis was used. Cut-off values were determined by maximizing Youden’s index 

(218), obtained from receiver operating characteristics curves, thereby assigning equal weight 

on both sensitivity and specificity. 
 

5. Results and discussion  
5.1 Glycan profile changes are similar regardless of tumor location 

in the colon (I) 
In Study I, the neutral and acidic (containing sulfate/phosphate acid esters or sialic acid 

residues) N-glycan profiles of 35 CRC tissue samples from patients with cancer in the right or 

left colon were analyzed. As differences are seen both between the healthy right and left colon 

and multiple differences have been documented between tumors in the right and left colon (see 

section 2.1.7), we hypothesized that differences in the glycan profiles of right- and left-sided 

tumors would exist. The levels of specific glycan signals, assigned to proposed monosaccharide 

compositions, as well as the proposed structural classes of glycan signals, were compared 

separately for neutral and acidic N-glycans within all ten groups studied (Table 5). Surprisingly, 

no statistically significant differences were seen in the levels of neutral or acidic proposed 

monosaccharide compositions and N-glycan classes when all right- and left-sided samples were 

compared (S2-S5 Tables of Study I). However, when samples were additionally stratified 

according to tumor stage, several differences were observed. The levels of the neutral 

composition H3N5 were significantly higher in left-sided than right-sided stage II CRC (S2 

Table of Study I). Further, the levels of overall sialylation and sialylated complex-type N-

glycans were higher in left-sided stage III CRC (S5 Table of Study I), whereas the levels of N-

glycans with a sulfate/phosphate residue were lower in left-sided stage III CRC (S5 Table of 

Study I).  

 

Healthy colon tissue samples from 10 patients were also analyzed and the N-glycan profiles 

were compared between samples from the right (n = 5) and left colon (n = 5). No statistically 

significant differences were seen in the levels of any neutral or acidic glycans or glycan classes 

(S2-S5 Tables of Study I), confirming that the findings when CRC samples from the right and 

left colon were compared (and further stratified according to stage) were not due to normal 

variations in the levels of glycans between the healthy right and left colon. Glycan levels were 

also compared between the healthy colon tissue and tumor tissue samples. Multiple significant 
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differences were seen in the levels of both neutral and acidic N-glycans and glycan classes (S2-

S5 Tables of Study I). The most differences were seen in the acidic N-glycans: when all healthy 

and tumor tissue samples were compared, the levels of 74 of 113 acidic glycan compositions 

were significantly different between the groups (S4 Table of Study I) and significant differences 

in 11 of 14 N-glycan classes were seen when all healthy and tumor tissue samples were 

compared (Table 6).  

 

Table 6 – Significantly different N-glycan classes (p < 0.05) when healthy and tumor 

tissue samples were compared. 

Glycan class Comparison Fold change p-value 

Hybrid-type Healthy vs. CRC 2,0 0.0002 
Complex-type Healthy vs. CRC 1,1 0.0002 

Large-N-glycans Healthy vs. CRC 2,7 <0.0001 
Biantennary-size Healthy vs. CRC 1,8 <0.0001 

Sialylated complex N-glycans Healthy vs. CRC 1,4 <0.0001 
Monoantennary Healthy vs. CRC 1,4 0.0011 

Complex fucosylation Healthy vs. CRC 4,9 <0.0001 
Terminal HexNAc Healthy vs. CRC 7,2 <0.0001 

Sialylation Healthy vs. CRC 1,4 <0.0001 
Sulfate/phosphate Healthy vs. CRC 6,7 <0.0001 

Acetylation Healthy vs. CRC 5,9 0.0019 
The group within which the levels of a glycan class are higher is highlighted in bold. 

 

Figure 5 shows these 11 acidic N-glycan classes when levels were compared between healthy 

tissue samples from the right and left colon (top panel), right- and left-sided tumor tissue 

samples (middle panel), and all healthy and CRC tissue samples (bottom panel). While 

significant differences were seen when healthy and tumor tissue samples were compared, the 

levels of these 11 glycan classes did not differ significantly when either healthy or tumor tissue 

samples were compared according to colonic location, illustrating how changes in glycan 

profiles in CRC are similar throughout the colon.  
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Figure 5 – The levels of the 11 acidic N-glycan classes given in Table 6 when compared 

between healthy tissue samples from the right and left colon (top panel), right- and left-

sided tumor tissue samples (middle panel), and all healthy and cancer samples (bottom 

panel). As seen in the last panel, levels of these 11 glycan classes were significantly different 

when compared between healthy and tumor tissue samples. Their levels were not significantly 

different after FDR correction when compared between only healthy or only CRC tissue 

samples from the right and left colon.  

 

The findings of Study I suggest that while the healthy right and left colon differ physiologically 

(65), these differences do not appear at glycan level. It appears that CRC affects glycan levels 

in similar ways regardless of where in the colon the tumor arises. It is already known that cancer 

directly affects glycan expression. A study by Balog et al. found that paucimannosidic N-
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glycans and glycans that could potentially contain sialylated Lewis-type epitopes (sialylated 

glycans with at least two fucose residues) displayed increased levels in CRC, while structures 

with a bisecting N-acetylglucosamine displayed decreased levels when compared to 

corresponding control tissue samples. In Study I, the neutral compositions H5N5, H3N6F2, and 

H3N6F3, whose proposed structures contain a bisecting N-acetylglucosamine, all had 

significantly lower levels in CRC when compared to healthy tissue samples (S2 Table of Study 

I). Further, the levels of H2N2F1 and H3N2F1, both of which are paucimannosidic 

compositions, were significantly higher in CRC samples (S2 Table of Study I). Multiple 

compositions that could potentially contain sialylated Lewis-type structures (including 

S1H4N5F2, S1H5N4F3, S1H5N5F2, S1H6N5F2, S1H5N6F2, S1H7N6F3, and S1H7N6F4) 

were also identified and the levels of these glycans were significantly higher in CRC samples 

(S4 Table of Study I). These findings are all in concordance with the findings of the study by 

Balog et al., further indicating the importance of these glycans in CRC.  

 

In Study I, significant differences in the abundance of all but three of the acidic N-glycan classes 

studied were seen when healthy and CRC tissue samples were compared (S5 Table of Study I). 

A significant increase of terminal N-acetylhexosamine (HexNAc)-containing glycans, glycans 

with a sulfate/phosphate residue, acetylated glycans, and glycans with complex fucosylation 

(multi-fucosylation, F>1) was seen in the tumor samples. Terminal HexNAc-containing 

glycans have previously been identified in multiple CRC cell lines and high levels of multi-

fucosylation were also seen in several of the cell lines studied (219). In Study I, we observed 

an increase in the levels of complex fucosylation of acidic N-glycans between stage II and III 

CRC, although the results were not statistically significant (S5 Table of Study I). Interestingly, 

in our previous study, levels of complex fucosylation were found to be lower in rectal 

carcinomas than adenomas when the acidic N-glycan classes were analyzed (192). The reasons 

for these discrepancies are unclear, but it may be that the glycan profiles of colon and rectal 

carcinomas differ from each other, which would be of interest to investigate in a future study.  

 

A previous study by Sethi et al. profiled the N-glycome of membrane proteins from three CRC 

cell lines. This study found that high-mannose type N-glycans, containing 5-9 mannose 

residues, were the most abundant type of glycans in all three cell lines studied (220). This is 

also in accordance with our previous study that profiled rectal adenomas and carcinomas, which 

found that the high-mannose glycans H5N2, H6N2, H7N2, H8N2, and H9N2 were the most 

abundant glycans in both adenomas and carcinomas (192). In Study I, we also observed that 
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the same five high-mannose glycans were the most abundant glycans in CRC samples from 

both the right and left colon (S2 Table of Study I). High-mannose glycans are synthesized early 

during the process of glycan biosynthesis in the endoplasmic reticulum and the mannose 

residues are then trimmed during the formation of complex and hybrid glycans. The high 

abundance of these glycans suggests a premature termination of glycan biosynthesis and 

incomplete maturation of these N-glycans (221), which again appears to be a common feature 

of colon tumors, regardless of where in the colon the tumors originated. 

 

5.2 Changes in glycan profiles are seen between stage II and III 

colon cancer (I) 
Study I also compared the levels of proposed monosaccharide compositions and N-glycan 

classes between stage II and III samples. The acidic composition H4N5F3P1 was found to have 

significantly higher levels in patients with stage III CRC (S4 Table of Study I), indicating that 

it may be linked to CRC progression and regional metastasis. The proposed composition of 

H4N5F3P1 includes features such as a potential terminal N-acetylhexosamine (N>H), multi-

fucosylation (F>1), and sulfation/phosphorylation (P). Terminal N-acetylglucosamine residues 

have previously been found to be characteristic of glycans overexpressed in various types of 

cancer, although not colon cancer (210). A study by Osuga et al. previously used lectin staining 

to show that the expression of fucosylated proteins was more frequent in CRC patients with 

advanced stage and metastatic tumors, indicating that increased fucosylation may be linked to 

the aggressiveness of CRC (222).  

 

The levels of the sialylated compositions S1H6N6F2, S1H6N7F3, and S1H7N7F4 were lower 

in stage III than stage II CRC (S4 Table of Study I). When samples were additionally stratified 

according to tumor location and only right-sided samples were compared, the abundance of the 

compositions H5N4F3P1, H4N5F3P1, H6N5F4P1, and H9N8P1 displayed higher levels in 

stage III CRC (S4 Table of Study I). Significant differences in the relative proportions of three 

glycan classes (overall sialylation, sialylated complex N-glycans, and N-glycans with a 

sulfate/phosphate residue) were also seen when right-sided stage II and III samples were 

compared. The levels of overall sialylation and sialylated complex N-glycans were significantly 

lower in stage III cancer, while the levels of N-glycans with a sulfate/phosphate residue were 

significantly higher in stage III cancer in the right colon (S5 Table of Study I). These results 
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show that in right-sided colon cancer, distinct changes in the abundance of several classes of 

acidic N-glycans are seen between stage II and III samples. 
 

Due to the impact altered glycosylation has on a variety of biological processes, the search for 

glycans that could be of use as new biomarkers or novel therapeutic targets has intensified (223, 

224). In CRC, N-glycans have been shown to affect processes such as cell adhesion and 

invasiveness. For example, the degree of N-glycosylation of E-cadherin appears to be linked to 

the stability of adherens junctions and aspects of cancer such as progression and invasion. 

Therapies that target N-glycan biosynthesis could potentially be of value to prevent cancer 

progression. However, it remains unclear if changes in the expression of N-glycans is a cause 

or consequence of cancer progression (225). 

 

5.3 Plasma protein expression changes in different ways between 

stage II and III cancer depending on primary tumor location, 

though some overlap is seen (II) 
In Study II, plasma samples from stage II and III CRC patients were analyzed and a total of 224 

proteins with two or more unique peptides were quantified and used for further analysis. 

Proteins were considered to be significantly different between the groups compared if they 

passed the cutoff of a Mann-Whitney U test p-value of less than 0.05. The full list of proteins 

identified with relevant data can be found in Additional File 2 of Study II.  

 

The plasma samples in Study II were divided according to tumor stage (II or III), as well as 

according to both tumor stage and location in the colon (right colon, left colon, or rectum). 

Table 7 shows the number of significantly different proteins within the different groups, while 

all significantly different proteins with their relevant data can be found in Additional File 3 of 

Study II. Pathway analysis was performed using IPA and the top five canonical pathways 

enriched for each comparison are also given in Table 7.  
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Table 7 – A summary of the results of Study II. 

Comparison 

Number of 

significantly different 

proteins (Mann-

Whitney U test p-value 

<0.05) 

Top five canonical 

pathways enriched as 

found by IPA 

All stage II and III 

samples 
79 

LXR/RXR activation, 

FXR/RXR activation, 

Complement System, 

Acute Phase Response 

Signaling, Clathrin-

mediated Endocytosis 

Signaling 

Right-sided stage II 

and III samples 
97 

LXR/RXR activation, 

FXR/RXR activation, 

Acute Phase Response 

Signaling, Complement 

System, Coagulation 

System 

Left-sided stage II and 

III samples 
38 

LXR/RXR activation, 

FXR/RXR activation, 

Acute Phase Response 

Signaling, Complement 

System, Atherosclerosis 

Signaling 

Rectal stage II and III 

samples 
83 

LXR/RXR activation, 

FXR/RXR activation, 

Acute Phase Response 

Signaling, Complement 

System, Coagulation 

System 

 

The Venn diagram in Figure 6 illustrates the similarities and differences between plasma protein 

expression in stage II and III CRC in relation to primary tumor location. The proteins that were 

significantly different between stage II and III CRC in each primary tumor location (refer to 

Table 7) were compared to each other, and the levels of 33 proteins were found to be 
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significantly different between stage II and III samples in both the right colon and rectum. 

However, the levels of only 7 proteins were significantly different between stage II and III 

samples in both the right and left colon, while the levels of 7 other proteins were significantly 

different between stage II and III samples in both the left colon and rectum. These findings 

were surprising as anatomically the right colon is furthest from the rectum, while the left colon 

and rectum both derive from the hindgut (65). The levels of 13 proteins (given in Table 8) were 

significantly different between samples from patients with stage II and III CRC in all 

comparisons, regardless of primary tumor location.  

 

Figure 6 – Venn diagram illustrating the similarities and differences in plasma protein 

expression between stage II and III CRC when also related to primary tumor location. 

Adapted from Study II and licensed under CC BY. 
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Table 8 – The 13 proteins whose levels differed between stage II and III CRC in all 

primary tumor locations as shown in the Venn diagram. 

The proteins with higher levels in samples from patients with left-sided stage III colon cancer 

are marked with a *. All other proteins had higher levels in patients with stage II cancer. 

Adapted from Study II and licensed under CC BY. 

 

Very little is known regarding the roles of the proteins given in Table 8 in CRC. PON3 is one 

of several genes identified whose aberrant methylation in CRC may be associated with disease 

recurrence. PON3 has been shown to protect tissues from oxidative stress (226) and PON3 was 

found to be hypermethylated in samples from patients with recurrent CRC (227). The findings 

of Study II show that levels of PON3 are lower in stage III than stage II right-sided colon and 

rectal cancer, which are in concordance with these findings, as hypermethylation would lead to 

decreased transcription of PON3. TTR binds to and transports thyroid hormones in the blood 

(228) and a  previous study found that CRC patients had lower levels of serum TTR than control 

patients (229). However, the biological basis for this is unclear. MCC has been identified as a 

putative tumor suppressor gene and both loss of heterozygosity at the MCC locus and promoter 

methylation occur in CRC, which could explain the lower plasma levels of MCC observed in 

stage III right-sided colon and rectal cancer seen in Study II. However, promoter methylation 

was found to be an early event in CRC (230, 231). The proteins discovered in Study II could 

be of value as candidates for new biomarkers to predict progression from stage II to III CRC, 

although validation is needed to determine their clinical utility.  

Proteins whose plasma levels differed between samples from patients with stage II and III cancer in all locations 

Accession Peptide 
count 

Unique 
peptides 

Confidence 
score 

Protein name Gene 
name 

Notes 

Q15166 6 2 62,1 Serum paraoxonase/lactonase 3 PON3 * 
P02766 22 19 214,4 Transthyretin TTR  
P02775 9 7 66,0 Platelet basic protein PPBP * 
O95568 8 3 32,4 Histidine protein methyltransferase 1 homolog METTL18  
Q12805 9 8 51,7 EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1  
Q8TE85 6 3 28,7 Grainyhead-like protein 3 homolog GRHL3  
P05455 5 3 28,9 Lupus La protein SSB * 

A6NMZ7 5 2 24,3 Collagen alpha-6(VI) chain COL6A6  
P09871 54 47 387,7 Complement C1s subcomponent C1S  
O75882 16 12 98,9 Attractin ATRN  
P23508 5 3 27,9 Colorectal mutant cancer protein MCC * 
P02790 182 150 1011,0 Hemopexin HPX  
P07357 35 34 217,4 Complement component C8 alpha chain C8A  
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Pathway analysis by IPA additionally identified LXR/RXR and FXR/RXR activation as the top 

two most enriched pathways in all datasets analyzed in Study II (Additional Files 5 and 7-9 of 

Study II). LXRs are nuclear receptors with important roles in cholesterol metabolism and very 

low-density lipoprotein synthesis and metabolism (232). FXRs are also nuclear receptors and 

regulate bile acid synthesis as well as aspects of both lipid and glucose metabolism. LXRs and 

FXRs both dimerize with RXRs (233, 234). Alterations in lipid metabolism are known to occur 

in cancer (235), and the findings of Study II imply that lipid metabolism is altered between 

stage II and III tumors. It would therefore be of interest to investigate alterations in lipid 

metabolism in CRC tissue samples.  

 

5.4 Plasma protein profiles are significantly different between 

patients with colon and rectal cancer (III) 
In Study III, when all samples were compared according to primary tumor location (right colon, 

left colon, or rectum), 125 proteins had a Bonferroni-corrected ANOVA p-value of less than 

0.01 and were considered significantly different between the groups. All 125 proteins had 

significantly different levels between samples from patients with cancer in the rectum as 

compared to the right or left colon. The largest differences in plasma protein expression were 

seen between samples from patients with cancer in the right colon and rectum. The area under 

the curve (AUC) values were calculated for these proteins (Supplementary Table S3A of Study 

III) and the values for multiple proteins when samples from patients with cancer in the right or 

left colon and rectum were compared reached values of >0.9. 

 

The AUC values for long-chain-fatty-acid—CoA ligase 5 (ACSL5) were 1.00 when calculated 

between samples from patients with cancer in the right colon and rectum and 0.98 when 

calculated between samples from patients with cancer in the left colon and rectum. Girdin also 

had AUC values of 1.00 and 0.99, respectively, and these results show that both ACSL5 and 

Girdin are excellent classifiers for discriminating between colon and rectal tumors. ACSL5 is 

an enzyme essential for lipid synthesis, remodeling of membranes, and fatty acid catabolism 

(236). Girdin is involved in cell migration and has been identified as a metastasis-related protein 

in CRC (237). Levels of both proteins were significantly higher in the plasma of patients with 

cancer in the right colon as compared to the rectum (Supplementary Table S3A of Study III), 

although the reasons for this are unclear.  
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The samples were also divided according to stage (II or III) and protein expression was 

compared according to both tumor location and stage. A total of 46 proteins (Supplementary 

Table S3B of Study III) passed the cut-off when stage II samples were analyzed and 92 proteins 

(Supplementary Table S3C of Study III) passed the cut-off when stage III samples were 

analyzed. Pareto scaling of the data was performed, after which PCA and hierarchical clustering 

heatmaps were generated for all comparisons (all samples, stage II only, and stage III only). All 

figures can be found in Study III, while the PCA when only stage III samples were analyzed 

and all proteins were considered is shown in Figure 7. This figure shows that samples from 

patients with rectal cancer separate from samples from patients with cancer in the colon, which 

do not separate.  

 

 
Figure 7 – The PCA biplot showing stage III samples only when all Pareto-scaled proteins 

were considered. Adapted from Study III and licensed under CC BY. 

 

The heatmap when stage II samples were analyzed (Figure 8) shows that samples from patients 

with rectal cancer form a distinct cluster, while samples from patients with cancer in the right 

or left colon tend to cluster together, though some overlap can be seen. This trend was also seen 

in the heatmaps when all and only stage III samples were analyzed (Supplementary Figure S2 

and Figure 3, respectively, in Study III).  
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Figure 8 – The hierarchical clustering heatmap of Pareto-scaled proteins using only those 

proteins that passed the cutoff of a Bonferroni-corrected ANOVA p-value of less than 0.01 

when only stage II samples were compared. Adapted from Study III and licensed under CC 

BY. 

 

Study III discovered widespread differences in plasma protein expression between samples 

from patients with cancer in the colon or rectum. The left colon and rectum both arise from the 

embryonic hindgut, and multiple previous studies have grouped left-sided colon and rectal 

tumors together (238-241). The results of this study, however, support the previously proposed 

notion that colon and rectal cancer should be considered two different entities due to their 

differences (86). Right- and left-sided colon cancer also differ from each other in multiple ways, 

including from metabolomic and proteogenomic points of view (82, 83). Tumors in the right 

and left colon appear to follow separate pathways of carcinogenesis due to the different 

molecular features they display. For example, right-sided tumors more often display MSI, while 
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mutations in TP53 are more prevalent in left-sided tumors (242). However, Study III found that 

while differences in plasma protein levels were also seen between samples from patients with 

cancer in the right or left colon, these groups did not separate from each other when analyzed 

by PCA (Figure 7) and hierarchical clustering (Figure 8). Further, no AUC values that were 

calculated for the 125 proteins mentioned above exceeded 0.85 when calculated for samples 

from patients with cancer in the right vs. left colon, as compared to AUC values of >0.95 and 

up to 1.00 when calculated for samples from patients with cancer in the right or left colon vs. 

the rectum (Supplementary Table S3A of Study III). 

 

The reason for the significant differences seen in plasma protein expression in Study III is 

unknown, although it is likely multifactorial. An increased infiltration of immune cells is seen 

in right-sided tumors as compared to left-sided tumors (243). This may contribute to the 

differences in plasma protein expression observed in this study, which include altered levels of 

several complement components. In future studies, it would be of interest to compare plasma 

protein expression with protein expression in tissue samples from healthy tissue as well as 

tumor tissue from the right colon, left colon, and rectum.  

 

5.5 Plasma proteins whose levels differ significantly between 

patients with good or poor outcome were identified as candidates 

for new prognostic markers (IV) 
Plasma protein levels were analyzed in order to study if proteins whose levels differed 

depending on patient outcome could be identified. Univariate Cox regression analysis was 

performed on all 224 proteins (with two or more unique peptides) quantified. When all samples 

were analyzed together (regardless of stage) five proteins passed the cut-off of a p-value of less 

than 0.05. These proteins were cDNA FLJ55673, highly similar to Complement factor B, 

ceruloplasmin (CP), golgi apparatus membrane protein TVP23 homolog C (TVP23C), fetuin-

B (FETUB), and insulin-like growth factor-binding protein 3 (IGFBP3) (Table 1 of Study IV). 

The results for all 224 proteins can be found in Supplementary Table 3 of Study IV. The hazard 

ratio (HR) for these five proteins was less than 1, indicating that higher plasma levels are 

correlated with a favorable outcome. All samples were also adjusted for age and stage and 

reanalyzed, after which only FETUB had a Cox regression p-value of less than 0.05. Fetuin-B 

has been shown to display tumor suppressor activity in murine squamous cell carcinoma, as 

overexpression of fetuin-B led to the suppression of tumor growth in nude mice (244).  



 60 

 

Stage II samples were also analyzed separately using Cox regression analysis, after which eight 

proteins (given in Supplementary Table 4 of Study IV) had p-values of less than 0.05. The same 

cDNA mentioned above, CP, and TVP23C again had significant p-values, as did two 

complement-related proteins, namely complement factor H (CFH) and complement C3 (C3). 

For all eight proteins, levels above the cutoff for each respective protein were linked to a 

favorable outcome. When stage III samples were analyzed by Cox regression, five proteins 

(found in Supplementary Table 4 of Study IV) passed the cutoff of a p-value of less than 0.05. 

After adjusting for age and analyzing the samples by Cox regression again, three proteins had 

significant p-values, two of which were also significant before age-adjustment, namely 

phosphatidylcholine-sterol acyltransferase (LCAT, HR <1) and signal-induced proliferation-

associated 1-like protein 1 (SIPA1L1, HR >1). The third protein was ephrin type-A receptor 5 

(EPHA5, HR <1). 

 
Kaplan-Meier curves were generated for each of the five proteins with Cox regression p-values 

of less than 0.05 when all samples were analyzed (Figure 1 and Supplementary Figure 1 of 

Study IV). The cutoff was set at the maximum of Youden’s index for each protein. The 

differences seen in survival were significant as analyzed by log-rank test for all five proteins 

except FETUB (p = 0.068). The overall survival of patients with plasma levels above the cutoff 

for the respective protein was better than for patients with levels below the cutoff. When only 

stage II samples were analyzed, the Kaplan-Meier curves drawn showed that levels above the 

cutoff of CFH, CP, TVP23C, C3, and FETUB (Figures 2A-D of Study IV) were each linked to 

better long-term survival of stage II CRC patients. Although FETUB did not have a significant 

Cox regression analysis p-value (p = 0.053) when stage II samples were compared, the Kaplan-

Meier curve drawn (Figure 2E of Study IV) showed significant differences in outcome as 

analyzed by log-rank test (p = 0.003).  

 

For stage III samples, Kaplan-Meier curves were again drawn with the cutoff set at the 

maximum of Youden’s index for each protein. For SIPA1L1, the Kaplan-Meier curve (Figure 

9A) confirms the results of Cox regression analysis, further showing that higher plasma levels 

of SIPA1L1 are linked to poor outcome in stage III CRC patients. Very little is known regarding 

the role of SIPA1L1 in CRC, although it has been identified as a candidate for a metastasis 

suppressor gene (245). Additionally, higher plasma levels of the CNK3/IPCEF1 fusion protein 
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(CNK3/IPCEF1) were found to lead to a significantly (p = 0.006 by log-rank test) poorer long-

term survival rate in stage III CRC patients as shown in the Kaplan-Meier curve in Figure 9B. 

However, the difference was not significant (p = 0.08) when analyzed by Cox regression. 

CNK3/IPCEF1 is required for hepatocyte growth factor-mediated Arf6 activation (246). Arf6 

is involved in cell adhesion and migration, and activation of Arf6 is necessary for the motile 

phenotype of epithelial cells. Arf6 activation has also been found to be involved in cancer cell 

proliferation, invasion, and metastasis in a variety of solid tumors (247, 248). It is possible that 

the levels of CNK3/IPCEF1 correlate with the aggressiveness and metastasis of CRC, hence 

the poorer long-term survival rate of patients with high CNK3/IPCEF1 levels.  

Figure 9 – The Kaplan-Meier curves for SIPA1L1 (A) and CNK3/IPCEF1 (B) when only 

stage III samples were analyzed. The cutoff was set at the maximum of Youden’s index for 

each protein. Plasma levels above the cutoff for both proteins are correlated with poor outcome 

in stage III CRC patients. Adapted from Study IV and licensed under CC BY. 

 

Study IV shows, for the first time, that altered levels of the proteins mentioned above are 

independently linked to CRC patient outcome. Strengths of this study include the number of 

samples analyzed, the well-characterized patient cohort, and the stringent inclusion criteria 

used, where patients with other diseases that likely affect plasma protein expression, such as 

other cancers and inflammatory bowel disease, were excluded. Further, the proteins identified 

are plasma proteins whose levels can easily be measured in blood samples. A limitation of this 

study was that the number of patients per group was reduced when samples were divided 
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according to stage, something that should be taken into account. Further, the largest differences 

in long-term survival were seen after 10+ years of follow-up, indicating that while these 

proteins may be of use for monitoring patient status, they may not be ideal for predicting relapse 

at an early stage.  

 

5.6 Strengths and limitations of this study 
This study was strengthened by the relatively large patient cohort used, which included over 75 

CRC patients for Studies II-IV and 35 patients plus 10 controls for Study I. The cohort was 

clinically and pathologically well-characterized, with comprehensive follow-up and survival 

data available for all patients included. This study was further strengthened by the rigorous 

inclusion criteria applied, as patients with LS, FAP, mucinous tumors, or other types of cancer 

were excluded, and by the long follow-up times for the patients in the cohort, which extended 

to over 10 years post-operation, enabling the identification of relapse even 5+ years post-

operation. All samples used in Studies I-IV were obtained from patients who were treated at 

Helsinki University Hospital. While single-center studies such as this study are logistically 

easier and make data collection easier, disadvantages include a less heterogeneous population 

and limited external validity (249).  

 

Studies II-IV also used plasma samples, which have the advantage of being easy and minimally 

invasive to obtain in comparison to tissue samples, which require invasive procedures to be 

obtained. The use of top 12 protein depletion enabled the detection of low-abundance proteins, 

whose presence would otherwise be masked by high-abundance proteins. Proteins such as 

albumin, immunoglobulins, and haptoglobin account for the majority of proteins in plasma and 

therefore interfere with the detection of low-abundance proteins, requiring their removal prior 

to MS analysis. While Top 12 protein depletion, an antibody-based method, has been shown to 

remove significant amounts of the targeted proteins (250), it is unable to remove 100% of the 

targeted proteins. They are therefore still detected during MS analysis, albeit at significantly 

lower levels than if depletion was not performed, and are subsequently removed during data 

processing. Further, while immunodepletion columns have been shown to consistently deplete 

the targeted proteins, not all proteins are captured with equal affinity. Immunodepletion 

strategies may also lead to the removal of non-targeted proteins due to interactions with the 

targeted proteins or the depletion columns (251). For example, albumin functions as a transport 

protein that binds a variety of other proteins, which may be depleted from samples along with 
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it. The levels of low-abundance proteins such as cytokines have been shown to be reduced 

during albumin depletion, which can affect the results of the study. However, the removal of 

some non-targeted proteins is unavoidable during protein depletion, regardless of the method 

used, although it is important to be aware of this occurrence (252, 253).  

 

Multiple studies that have previously analyzed the CRC N-glycome have used cell lines (219, 

220) or serum/plasma samples from CRC patients (188, 189). Study I was strengthened by the 

methods used, which, due to the use of tumor tissue samples and detachment of glycans from 

cellular glycoproteins enabled the direct analysis of tumor-derived glycans. It also made it 

possible to correlate glycan levels directly to clinical stage. This study was further strengthened 

by the use of FDR correction to control false positive results in the statistical analyses. The 

analysis of healthy colon tissue samples served to validate the findings of Study I. Limits of 

this study include the small group size when samples were divided according to both tumor 

location and stage, as well as the inability to determine which cells in the tumor the glycans 

originated from, which could be cancer or stromal cells. Further, the tumor tissue samples 

analyzed in Study I were collected from patients who underwent surgery for CRC between 1996 

and 2003. While the recommendations concerning surgery for colon cancer have largely 

remained the same, the use of TME for rectal cancer had only recently been introduced and was 

still controversial at this time (112, 254). Nowadays, TME is the standard of care for rectal 

tumors that can be treated by surgery (108). However, it is unlikely that the surgical resection 

technique used affected the results of Study I, as this study did not include any samples from 

patients with rectal cancer. Study I provides new insight into the differences at glycan level 

between right- and left-sided colon cancer as well as between stage II and III disease.  

 

Studies II-IV were limited by lack of validation of the candidate proteins in an independent 

cohort of patients. Along with additional studies and trials, these are necessary steps before the 

proteins identified could be of clinical utility. Further, no tumor tissue samples were studied at 

the same time as the plasma samples and it is therefore difficult to identify which proteins (if 

any) could be tumor-derived. It is also difficult to elucidate why levels of the plasma proteins 

identified differ depending on factors such as tumor stage or location and patient outcome. The 

levels of these proteins could change if they directly affect certain processes and are therefore 

actively up- or downregulated, but the levels of these proteins could also change as a side effect 

of other processes. The plasma proteins identified do not appear to be tumor-specific and their 

levels can therefore be affected by other conditions and diseases besides CRC. 
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6. Conclusions 
The studies presented in this thesis show that differences can be seen in glycan and plasma 

protein levels depending on factors such as tumor stage, location, and patient outcome. In Study 

I, we investigated the glycan profiles of tumor tissue samples from the right and left colon. We 

hypothesized that due to the differences between the normal right and left colon, as well as the 

well-documented differences between right- and left-sided colon cancer, differences between 

the glycan profiles of tumors in the right and left colon would also be seen. Surprisingly, Study 

I showed that glycan levels change in similar ways during carcinogenesis, regardless of where 

in the colon the tumor arises. It would be of interest to compare the glycan profiles of tumors 

in the colon and rectum to study if differences are evident between them. We have previously 

profiled the N-glycome of rectal adenomas and carcinomas (192), but have not analyzed the N-

glycan profiles of colon and rectal tumors in the same study.  

 

Study II found that plasma protein expression changes in different ways between stage II and 

III CRC depending on primary tumor location, although some overlap can be seen as the levels 

of 13 proteins were significantly different regardless of primary tumor location. Proteins that 

are candidates for new markers for predicting disease progression were identified, although the 

biological reasons for the differences in plasma levels seen in these proteins between stage II 

and III CRC are unknown. Study III showed that plasma protein expression differs significantly 

between samples from patients with colon and rectal cancer, to the extent that colon and rectal 

tumors can be distinguished from each other solely on the basis of plasma protein profiles, 

which may be important to consider from a clinical point of view.  

 

Study IV led to the identification of several plasma proteins that can differentiate between CRC 

patients with good and poor outcome. These proteins could be of value as prognostic markers 

and used during patient follow-up, although validation is needed to determine their possible 

clinical utility. Additional studies are necessary to investigate why the levels of certain plasma 

proteins differ depending on factors such as tumor stage, location, or patient outcome. It would 

be of interest to investigate the biological basis of the differences in plasma protein expression 

seen in Study III and to investigate how colon and rectal tumors differ in aspects such as lipid 

metabolism. Further, the roles of many of the proteins identified in Study IV in CRC are 

unclear, and it would be interesting to elucidate their functions in CRC and if they can be linked 

to processes such as invasion and metastasis. The studies presented in this thesis provide a 
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foundation upon which to base further investigations into this area of research, with the ultimate 

goal being to better understand the complexity of CRC and provide better care for patients.  
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