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Summary 

Colorectal cancer (CRC) is the third most common cancer and the second most 

common cancer cause of death worldwide, accounting for more than 800,000 deaths in 

2018. Screening programs of CRC are recommended, as this disease constitutes an 

important health issue, its natural history has been widely studied, diagnostic methods 

for its early detection are available and its treatment is more effective when it is early 

diagnosed. The most commonly used non-invasive method is the faecal 

immunochemical test (FIT), which detects specifically human haemoglobin in faeces. 

Subjects who obtain a FIT-positive result are prompted to undergo a diagnosis 

colonoscopy. It is important to note that CRC-screening strategies show high 

performance in detecting not only CRC but also precancerous lesions. FIT sensitivity for 

advanced neoplasia (advanced adenomas and CRC) is around 30% and its positive 

predictive value (PPV) is not higher than 15%, which results in a high false-positive rate 

for advanced neoplasia. The considerable low PPV of FIT may be responsible for up to 

30% unnecessary colonoscopies. Therefore, it is necessary to develop new, non-invasive 

analytical tools for CRC screening with higher specificity in order to reduce its false 

positive results.  

The main purpose of this doctoral thesis was to search for faecal bacterial markers 

for CRC early detection, able to detect precancerous lesions before the appearance of 

clinical signs. To achieve this objective we analysed CRC and IBD-associated faecal 

bacterial markers through quantitative PCR in two clinically independent populations: 

(1) asymptomatic subjects aged between 50 and 69 years old (both included) who had 

obtained a positive result of FIT in an organised CRC-screening program (Chapter 1); 

and (2) subjects with symptoms compatible with CRC (i.e. presence of blood in stool, 

abdominal pain, changes in bowel habits, and/or unexplained weight loss) (Chapter 2). 

In Chapter 1, we report the development of a non-invasive tool (RAID-CRC) based on 

the combination of 4 bacterial markers (Eubacteria, Peptostreptococcus stomatis, Bacteroides 

fragilis, and Bacteroides thetaiotaomicron) with FIT (cut-off = 10 µg of haemoglobin/g of 

faeces) that was able to detect advanced neoplasia in symptomatic individuals (n=333) 

with 80% sensitivity and 90% specificity. In parallel, in Chapter 2 we describe the setup 
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of a second faecal bacterial signature in an asymptomatic population that participated in 

the national CRC-screening program (screening program FIT cut-off = 20 µg 

haemoglobin/g of faeces). In this case, the signature was firstly defined in a proof-of-

concept study with 172 individuals and later validated on an external cohort of 327 

subjects. This tool comprised 6 bacterial markers (Eubacteria, Faecalibacterium prausnitzii, 

Gemella morbillorum, Bacteroides fragilis, B46, and B48) and it was called RAID-CRC 

Screen. With this second system a sensitivity of 84% and a specificity of 16% were 

obtained for advanced neoplasia detection. In the validation cohort FIT produced 184 

false-positive results. Using RAID-CRC Screen this value was reduced to 154, thus 

reducing the false-positive rate by more than 16%.  

The second objective of the thesis was to define a faecal bacterial signature to be 

used for prediction of the absence of neoplastic lesions in Lynch syndrome carriers (LS), 

aiming at improving surveillance into that group of subjects genetically predisposed to 

develop CRC (Chapter 3). A new, non-invasive tool based on the combination of three 

faecal bacterial markers (Eubacteria, B46, and Escherichia coli) for the individualization 

of Lynch syndrome surveillance was developed (RAID-LS) obtaining a sensitivity of 

100% and a specificity of 72%, which would suppose a reduction up to 70% of the 

unnecessary colonoscopies performed during LS surveillance.  

The results obtained in this work support the use of microbiota as disease indicator 

in diseases such as inflammatory bowel disease, oral infections, or rheumatoid arthritis; 

whose microbiota has been reported to be altered. Hence, a broad field in human 

microbiota is yet to be explored, which surely will contribute to the development of new 

in vitro diagnosis methods.  
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Resum 

El càncer colorectal (CCR) és el tercer càncer més freqüent i la segona causa de 

mort per càncer a nivell mundial, provocant més de 800.000 morts l’any 2018. Es 

recomana el cribratge del CCR ja que constitueix un important problema de salut, la seva 

història natural ha estat àmpliament estudiada, es disposa de mètodes diagnòstics per 

la seva detecció precoç i el seu tractament és més efectiu quan es detecta en un estadi 

inicial. El mètode no invasiu més utilitzat és el test de sang oculta en femta (FIT), amb el 

que es detecta l’hemoglobina humana en femta. Els subjectes que obtenen un resultat 

positiu del FIT són derivats a sotmetre’s a una colonoscòpia. Cal destacar que els 

mètodes per al cribratge del CCR no només han de tenir una alta capacitat diagnòstica 

per al CCR pròpiament dit, sinó que també l’han de tenir per la detecció de lesions 

precanceroses. La sensibilitat del FIT per a la detecció de neoplàsia avançada (CCR i 

adenomes avançats) és del 30% i el seu valor predictiu positiu (VPP) és del 15%, fet que 

resulta en una elevada taxa de falsos positius per la neoplàsia avançada. De fet, el baix 

VPP pot portar a la realització de més d’un 30% de colonoscòpies de forma innecessària. 

Per tant, és necessari desenvolupar noves eines no invasives per al cribratge del CCR 

amb major especificitat i així poder reduir l’elevat nombre de falsos positius.  

L’objectiu principal d’aquesta tesi doctoral és el desenvolupament d’una nova eina 

no invasiva basada en marcadors bacterians fecals per a la detecció precoç del CCR, que 

sigui capaç de detectar lesions precanceroses abans que apareguin signes clínics. Per tal 

d’assolir aquest objectiu vam analitzar marcadors bacterials fecals relacionats amb el 

CCR i la malaltia inflamatòria intestinal (MII) mitjançant la PCR quantitativa en dues 

poblacions clínicament independents: (1) subjectes asimptomàtics d’entre 50 i 69 anys 

(ambdós inclosos) que haguessin obtingut un resultat positiu del FIT en el marc d’un 

programa organitzat de cribratge del CCR (Capítol 1); i (2) subjectes amb símptomes 

compatibles amb el CCR (presència de sang en femta, dolor abdominal, canvi en el hàbits 

intestinals, i/o pèrdua de pes inexplicable) (Capítol 2). En el Capítol 1, vam desenvolupar 

una eina no invasiva (RAID-CRC) basada en la combinació de 4 marcadors bacterians 

(Eubacteria, Peptostreptococcus stomatis, Bacteroides fragilis, and Bacteroides 

thetaiotaomicron) amb el FIT (punt de tall = 10 µg d’hemoglobina/g de femta) capaç de 
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detectar en una població simptomàtica (n=333) la neoplàsia avançada amb una 

sensibilitat del 80% i una especificitat del 90%. En paral·lel, en el Capítol 2 vam definir 

una segona signatura bacteriana fecal en una població asimptomàtica participant en el 

programa nacional de cribratge (punt de tall del FIT en el programa de cribratge = 20 µg 

d’hemoglobina/g de femta). En aquest cas, la signatura es va definir en una prova de 

concepte amb 172 individus i seguidament es va validar en una cohort externa de 327 

subjectes. La firma, que rep el nom de RAID-CRC Screen, està formada per 6 marcadors 

bacterians (Eubacteria, Faecalibacterium prausnitzii, Gemella morbillorum, Bacteroides 

fragilis, B46, and B48). Amb aquesta segona eina es va obtenir una sensibilitat del 84% i 

una especificitat del 16% per la detecció de la neoplàsia avançada. En aquesta cohort de 

validació hi va haver 184 resultats falsos positius. Utilitzant el RAID-CRC Screen aquest 

valor es va reduir a 154, el que suposa una reducció de la taxa de falsos positius de més 

del 16%.  

L’objectiu secundari de la tesi va ser definir una signatura bacteriana fecal que 

permetés predir l’absència de lesions neoplàsiques en els portadors de la síndrome de 

Lync (LS), subjectes amb predisposició genètica de desenvolupar CCR, i així poder 

millorar el seu seguiment (Capítol 3). Es va desenvolupar una nova eina no invasiva 

(RAID-LS) basada en la combinació de 3 marcadors bacterians fecals (Eubacteria, B46, 

and Escherichia coli) per la individualització del seguiment de la síndrome de Lynch, 

obtenint una sensibilitat del 100% i una especificitat del 72%, el que suposaria una 

reducció de fins al 70% de les colonoscòpies innecessàries que es realitzen en el 

seguiment del LS.  

Els resultats obtinguts en aquest treball postulen l’ús de la microbiota com a 

indicador de malaltia en malalties com la malaltia inflamatòria intestinal, infeccions 

orals, o l’artritis reumatoide; en les quals s’ha observat una alteració de la microbiota. 

Per tant, hi ha un ampli món per explorar pel que fa a la microbiota humana, que 

segurament contribuirà en el desenvolupament de nous mètodes per al diagnòstic in 

vitro.  
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Resumen 
 

El cáncer colorrectal (CCR) es el tercer cáncer más frecuente y la segunda causa de 

muerte por cáncer a nivel mundial, provocando más de 800.000 muertes en 2018. Se 

recomienda el cribado del CCR ya que constituye un importante problema de salud, su 

historia natural ha estado ampliamente estudiada, se dispone de métodos diagnósticos 

para su detección precoz y su tratamiento es más efectivo cuando se detecta en un 

estadio inicial. El método invasivo más utilizado es el FIT, con el que se detecta la 

hemoglobina humana en heces. Los sujetos que obtienen un resultado positivo del FIT 

son derivados a someterse a una colonoscopia. Cabe destacar que los métodos para el 

cribado del CCR no solo tienen que tener una alta capacidad diagnóstica para el CCR, 

sino que también la deben tener para la detección de lesiones precancerosas. La 

sensibilidad del FIT para la detección de neoplasia avanzada (CCR y adenomas 

avanzados) es del 30% y su valor predictivo positivo (VPP) es del 15%, hecho que resulta 

en una elevada tasa de falsos positivos para la neoplasia avanzada. El bajo VPP puede 

llevar a la realización de más de un 30% de colonoscopias de forma innecesaria. Por lo 

tanto, es necesario desarrollar nuevas herramientas no invasivas para el cribado del CCR 

con una mayor especificidad y así poder reducir el elevado número de falsos positivos.  

El principal objetivo de esta tesis doctoral es el desarrollo de una nueva 

herramienta no invasiva basada en marcadores bacterianos fecales para la detección 

precoz del CCR, que sea capaz de detectar lesiones precancerosas antes de que aparezcan 

signos clínicos. Para conseguir este objetivo analizamos marcadores bacterianos fecales 

relacionados con el CCR y la enfermedad inflamatoria intestinal (EII) mediante la PCR 

cuantitativa en dos poblaciones clínicamente independientes: (1) sujetos asintomáticos 

de entre 50 y 69 años (ambos incluidos) que hubiesen obtenido un resultado positivo del 

FIT en el marco de un programa organizado de cribado del CCR (Capítulo 1) y (2) sujetos 

con síntomas compatibles con el CCR (presencia de sangre en heces, dolor abdominal, 

cambio en los hábitos intestinales, y/o pérdida de peso inexplicable) (Capítulo 2). En el 

Capítulo 1, desarrollamos una herramienta no invasiva (RAID-CRC) basada en la 

combinación de 4 marcadores bacterianos (Eubacteria, Peptostreptococcus stomatis, 

Bacteroides fragilis, and Bacteroides thetaiotaomicron) con el FIT (punto de corte = 10 µg de 
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hemoglobina/g de heces) capaz de detectar en una población sintomática (n=333) la 

neoplasia avanzada con una sensibilidad del 80% y una especificidad del 90%. En 

paralelo, en el Capítulo 2 definimos una segunda firma bacteriana fecal en una población 

asintomática participante en el programa nacional de cribado (punto de corte del FIT en 

el programa de cribado = 20 µg de hemoglobina/g de heces). En este caso, la firma 

bacteriana se desarrolló en una prueba de concepto con 172 individuos y seguidamente 

se validó en una cohorte externa de 327 sujetos. La firma, que recibe el nombre de RAID-

CRC Screen, está formada por 6 marcadores bacterianos (Eubacteria, Faecalibacterium 

prausnitzii, Gemella morbillorum, Bacteroides fragilis, B46, and B48). Con esta segunda 

herramienta se obtuvo una sensibilidad del 84% y una especificidad del 16% para la 

detección de la neoplasia avanzada. En esta cohorte de validación hubo 184 resultados 

falsos positivos. Utilizando en RAID-CRC Screen este valor fue reducido a 154, lo que 

supone una reducción de la tasa de falsos positivos de más del 16%.  

El objetivo secundario de la tesis fue definir una firma bacteriana fecal que 

permitiera predecir la ausencia de lesiones neoplásicas en los portadores del síndrome 

de Lynch (LS), sujetos con predisposición genética de desarrollar CCR, y así poder 

mejorar su seguimiento (Capítulo 3). Se desarrolló una nueva herramienta no invasiva 

basada en la combinación de 3 marcadores bacterianos fecales (Eubacteria, B46, and 

Escherichia coli) para la individualización del seguimiento del síndrome de Lynch, 

obteniendo una sensibilidad del 100% y una especificidad del 72%, lo que supondría una 

reducción de hasta el 70% de las colonoscopias innecesarias que se realizan en el 

seguimiento del LS. Estos resultados necesitan ser validados clínicamente en una cohorte 

externa más amplia.  

Los resultados obtenidos en este trabajo postulan el uso de la microbiota como 

indicador de enfermedad en enfermedades como la enfermedad inflamatoria intestinal, 

infecciones orales, o la artritis reumatoide; en las cuales se ha observado una alteración 

de la microbiota. Por lo tanto, existe un amplio mundo para explorar en relación a la 

microbiota humana, que seguramente contribuirá en el desarrollo de nuevos métodos 

para el diagnóstico in vitro.
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1 Introduction to Colorectal Cancer 

Colorectal cancer (CRC) is the second leading cause of cancer death worldwide, 

accounting for more than 880,000 deaths in 2018 [1]. Incidence varies globally and is 

directly related to elements of a so-called western life [2,3]. Although there are strong 

hereditary components, most colorectal cancers develop sporadically and over several 

years following the adenoma-carcinoma sequence [4,5]. The most commonly used 

therapies are surgery, radiotherapy for patients with rectal cancer and chemotherapy for 

stages III and IV colon cancer [6]. CRC screening has been shown to reduce incidence 

and mortality, however, only a few countries have implemented organised screening 

programs [7–9].  

1.1 Epidemiology 

Colorectal cancer incidence and mortality rates vary significantly around the 

world. Globally, CRC is the third most common cancer in men and the second in women 

[1]. The highest incidence rates are found in the most developed countries (i.e. Australia, 

New Zealand, Europe and North America), while the lowest rates are found in the 

poorest countries (Africa and South-Central Asia) (Figure 1). These geographic 

differences could be associated with the western diet and other environmental aspects. 

Low socioeconomic status is also related to a higher risk for the development of CRC 

[10].   

CRC mortality rates have declined progressively in many western countries [2]. 

This reduction can be attributed to the application of organized CRC screening 

programs, as colonic polyps can be detected and removed, and CRC can be detected at 

an earlier stage; and primary and adjuvant treatments are more effective. On the 

contrary, death rates keep increasing in countries with more limited resources, 

specifically in Central and South America and Eastern Europe [2].  
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Figure 1. Worldwide colorectal cancer incidence in 2018 [1]. 

1.2 Risk factors 

1.2.1 Non-modifiable risk factors 

a) Age, sex and ethnicity 

Colorectal cancer is uncommon before the age of 40, but the incidence increases 

significantly between 40 and 50 years and from then rates increase in each succeeding 

decade thereafter. Some studies suggest that CRC incidence is increasing in people 

under 50 years while it is decreasing in older [11,12]. Other studies report an increasing 

incidence rate of CRC among young people who are between 20 and 39 years old [13,14]. 

Regardless of these studies, the average age for colon cancer diagnosis for men is 68 and 

for women 72, and in terms of rectal cancer it is 63 in both sexes, hence CRC is a disease 

associated with oldness [15]. CRC incidence and mortality are higher in men than in 

women (Figure 2). Gender disparity might be due to different exposures to other risk 

factors such as smoking, sex hormones and complex interactions between these variables 

[16]. Both CRC and colonic adenomas appear to be distributed in the proximal colon in 

women, specifically in postmenopausal women [17]. For this reason, sigmoidoscopic 

examinations have been considered inadequate as screening test in women.  

According to the American Cancer Society CRC incidence and mortality were 

highest in non-Hispanic blacks and lowest in Asians and Pacific Islanders (Figure 2) [15]. 

Differences among ethnicities may be explained by their socioeconomic status and 
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education. In 2015 in the USA 24% of non-Hispanic blacks lived in poverty, compared 

to 11% of Asians and Pacific Islanders and 9% of non-Hispanic whites [18]. Interestingly, 

Alaska Natives have the highest CRC incidence and mortality rates in the USA, being 

80% higher than those in non-Hispanic blacks [19]. These rates might be caused due to 

specific CRC risk factors such as a diet high in animal fat and low in fruits and 

vegetables, vitamin D deficiency, smoking, obesity and diabetes [20,21].   

 

 

Figure 2. Colorectal cancer incidence (2009-2013) and mortality (2010-2014) rates by ethnicity and sex 

(USA data) [15]. AN: Alaska Native; AI: American Indian, excluding Alaska.  

 

b) Hereditary CRC syndromes 

The understanding of the molecular pathogenesis of colorectal cancer has led to 

the identification of several genetic disorders that are linked to a high risk of developing 

CRC. The most common familial colon cancer syndromes are familial adenomatous 

polyposis (FAP), MUTYH-associated polyposis (MAP) and Lynch syndrome, which is 

also known as hereditary nonpolyposis colorectal cancer (HNPCC). However, together 

these conditions account for only 5% of the CRC cases, being the majority Lynch 

syndrome. Despite its low proportion, these hereditary syndromes are important from 

a physiological, clinical and therapeutic point of view. Some of the genes involved in 

tumoral development appear mutated in the germline of hereditary syndromes carriers 



Malagón 2019. New tools for the early detection of CRC 

6 

 

[22]. The identification of these genes has made it possible to improve screening and 

surveillance strategies, and it has allowed the adoption of more radical therapeutic 

measures than those used in sporadic CRCs [23].   

c) Personal or family history of sporadic CRCs  

Subjects with a personal history of colonic adenomatous polyps or CRC have 

higher risk of developing future colorectal cancers. Between 0.5% and 9% of the patients 

who undergo colorectal resections because of CRC develop metachronous primary 

cancers in the first five years after surgery [24]. Those patients that have had a large (>1 

cm) adenomatous polyp, polyps with villous component and polyps with high-grade 

dysplasia, show a higher risk of CRC [25].  

Having at least one first-degree relative (parents, siblings or children) with CRC 

doubles the risk of developing a colorectal tumour when compared to general 

population [26]. This risk is further increased when two first-degree relatives or one first 

and one or more second-degree relatives have suffered from colon cancer [27,28]. If these 

relatives have been diagnosed of CRC below 50 years of age the risk is even more 

increased. 

d) Inflammatory Bowel Diseases (IBD) 

Patients with longstanding extensive colitis also show an increased risk of 

developing colorectal cancer (Figure 3) [29]. Population-based studies demonstrate that 

the risk for ulcerative colitis (UC) patients is 5.7 times that of the general population [30]. 

CRC is a leading cause of inflammatory bowel disease-associated death, accounting for 

1 in 6 patients with UC [31].  

In terms of Crohn’s disease, when patients are classified into those with colonic 

involvement and those without, it is clear that the risk in Crohn’s colitis is almost the 

same to that of ulcerative colitis, being 5.6 times that of general population [32].  

The most important risk factor for developing colonic cancer is the anatomical 

extent of colonic inflammation as first reported in 1990 by Ekbom et al [30]. The severity 

of inflammation is also thought to be an independent risk factor for colonic cancer as 

demonstrated in a case controlled study from the UK [33]. Finally, the duration of colitis 
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is also an important risk factor. A metanalysis performed in 2001 by Eaden et al showed 

that when colitis persists around 10 years, the cumulative CRC risk to a patient with UC 

is 1.6%, increasing to 8.3% by 20 years and 18.4% by 30 years [34].  

 

Figure 3. Mechanism of colitis-associated cancer development. Chronic inflammation is characterized by 

production of proinflammatory cytokines that can induce mutations in oncogenes and tumour suppressor 

genes (APC, p53) and subsequently the production of reactive oxygen species (ROS). Persistent 

inflammation prompts a favourable environment for tumour progression. TNF: Tumour Necrosis Factor; 

IL-17: Interleukin-17; INFγ: Interferon-γ; IL-6: Interleukin-6; NF-κB: Nuclear Factor-Kappa B; APC: 

Adenomatous Polyposis coli. Adapted from [35]. 

1.2.2 Modifiable risk factors 

a) Diet: 

Several epidemiological studies have reported an association between an 

equilibrated diet, high in fruits and vegetables, and protection from colorectal cancer 

[36–38]. Comparison between vegetarians and non-vegetarians showed that the first 

have a reduced risk of CRC, with an even more pronounced effect among those 

vegetarians who eat fish [39].  

Fibre has been identified to be a protective agent against CRC. However, its role 

has generated opposed opinions in the literature. On the one hand, there are some 

studies that report that fibre acts as a diluent and absorbent of faecal carcinogens, 

modulates the colonic traffic, alters the biliary acids metabolism, reduces the intestinal 

pH and helps to increase the short chain fatty acids (SCFAs) production [40–43]. On the 
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other hand, other studies have not detected significant differences between fibre effect 

and CRC risk [44,45].  

Folate, calcium and vitamin D are nutrients that have also been described as 

protective agents against colorectal cancer [46]. Lee et al observed that folate intake was 

inversely associated with risk of CRC only during early pre-adenoma stages [44]. In 

terms of calcium, it has been suggested that it has the potential to reduce CRC risk as it 

can reduce the proliferative effect of secondary bile acids in the colon [47]. These acids 

are produced during fats digestion and are highly irritating to the epithelial colonic cells. 

Calcium interacts with secondary bile acids forming insoluble soaps thus neutralizing 

their ability to irritate the epithelial surface, which consequently reduces CRC risk.  

Red and processed meat long-term consumption is linked to an increased risk of 

CRC [48,49]. A factor that contributes to this risk is high cooking temperature as it may 

prompt polyaromatic hydrocarbons and other carcinogens production. However, 

modest consumption (once or twice per week) is acceptable for a healthy balanced diet 

[50].  

b) Obesity and physical activity 

Obesity is defined as an excessive fat accumulation which causes low-grade 

chronic inflammation and is closed linked to cancer [51]. It is probably because the 

adipose tissue is the largest endocrine organ in the body and it stimulates secretion of 

several cytokines such as IL-8, IL-6, IL-2, lactate dehydrogenase and TNFα (Figure 4). 

These cytokines are important in tumour initiation and progression [52,53] and in 

promoting epithelial mesenchymal transition and metastasis in obese patients [54].  

Regular physical activity has been observed to be associated with CRC protection. 

When active individuals are compared to inactive ones, there is a reduction of 27% in 

the risk of suffering from proximal colon cancer [55]. The mechanism underlying this 

protective association is unknown and there have not been reported any intervention 

trials of physical activity for CRC protection [50]. However, the reduction of the 

accumulated fat as a result of constant physical activity could explain this association.   
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Figure 4. Schematic diagram of biochemical features of obesity. Up and down arrows denote up- or 

downregulation respectively [51]. 

 

c) Smoking 

In the lung there is intimate exposure to inhaled tobacco smoke which results in 

about 80% of all primary lung cancers [56]. Smoking also increases the risk of cancers in 

organs for which exposure to tobacco degradation products is indirect (i.e. kidney, 

bladder, cervix, lower urinary tract and pancreas) [57]. In terms of digestive tract, 

oesophageal and gastric cancer have been strongly associated with tobacco. However, 

the smoking-colorectal cancer link remains controversial. Botteri et al performed a meta-

analysis in 2008 in order to clarify the association of cigarette smoking and CRC [58]. It 

included 106 observational studies which estimated that the risk of developing CRC was 

higher among smokers compared to those who never smoked. For this reason, clinicians 

ask CRC survivors to avoid smoking.  

d) Alcohol 

Several studies have shown an association between alcohol consumption and an 

increased risk of CRC. A meta-analysis of 27 cohort and 34 case-control studies 

concluded that there is an association between alcohol drinking of more than 1 drink per 

day and colorectal cancer risk [59]. These results reproduce what other pooled analyses 

observed [60,61]. It is well-known that excessive alcohol consumption is a potentially 

modifiable risk factor for CRC and several other malignancies. Moreover, it complicates 

treatment and its outcomes by contributing to longer hospitalizations, longer recovery 
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periods, higher costs, and greater mortality. Consequently, several associations have 

made proposals for promoting awareness of the relationship between certain types of 

cancer and alcohol abuse [62].  

1.3 Colonic epithelium biology 

The function of the intestinal tract is to absorb and digest nutrients from ingested 

food and dispose of material that is not usable. The colon is the part where the terminal 

steps of the digestion take place. It functions to form and store faeces, which involves 

the further recovery of water and electrolytes and addition of bacteria and mucus [63].  

Anatomically, the colon can be divided into ascending, transverse, descending and 

sigmoid colon (Figure 5A). At the clinic-pathological level it can be divided in two parts, 

the right or proximal colon, which includes the caecum, and the ascending and 

transverse colon; and the left or distal colon, which is formed by the descending and the 

sigmoid colon, and the rectum (Figure 5A). Histologically, the wall of the gastrointestinal 

tract is composed of four layers [64] (Figure 5B). The innermost layer is the mucosa, 

which can be divided into the epithelium, an underlying layer of loose connective tissue 

called the lamina propria, and a thin double layer of smooth muscle called the 

muscularis mucosa, which is often present. Underneath there is the submucosa, which 

is a loose connective tissue layer, with larger blood vessels, lymphatics, nerves, and can 

contain mucous secreting glands. This layer is followed by the muscularis propria, 

which is usually divided into two layers; the inner layer is circular and the outer layer is 

longitudinal. These layers are composed of smooth muscle used for peristalsis to move 

food down through the gut. Finally, the outermost layer is called the adventitia, also 

known as serosa, which is formed of loose connective tissue covered by visceral 

peritoneum and contains blood vessels, lymphatics and nerves.  

The gut epithelium constitutes a barrier between our body and the surrounding 

environment. It is formed by several different cell types, including absorptive and 

secretory cells and cells that produce hormones [63]. Colonocytes are absorptive 

epithelial cells that constitute the majority of cells of this monolayer. They are 

responsible for absorbing nutrients and transporting them through the epithelium to 

allow uptake into capillaries located in the underlying layer [63]. Goblet cells are 



Scientific Background 

11 

 

secretory cells that are scattered between colonocytes. These cells synthesize and secrete 

bioactive molecules such as secretory and membrane-bound mucins, trefoil peptides, 

resistin-like molecule β, and Fc-γ binding protein, which are components of mucus [65]. 

Mucus is required for the movement and diffusion of intestinal contents, and it also 

provides protection against chemical damage [66]. Another cellular type are 

enteroendocrine cells, which are also scattered through the epithelial monolayer. They 

release hormones to regulate the secretion of molecules such as digestive enzymes or 

bile fluids from the pancreas and liver into the gut. Finally, Paneth cells, which are most 

commonly found in the small intestine [67], reside at the bottom of the crypts and secrete 

antimicrobial molecules when they are exposed to microbes or their antigens [68].  

 

Figure 5. Large intestine anatomy: (A) Anatomic and clinic-pathological divisions. (B) Scheme of the 

histological layers of the digestive tube. 

The origin of colorectal tumours take place in the intestinal epithelium [63]. Unlike 

the small intestine, the large intestine is a plain surface which gains surface thanks to 

epithelial cavities that are structured in crypts. These crypts, regulate the homeostasis of 

the gut epithelium because a dynamic equilibrium between cell production and death is 

created [63]. Therefore, this adult tissue constantly regenerates [69]. At the bottom of the 

crypts there are stem cells, which are constantly dividing and giving place to pluripotent 

cells and non-differentiated progenitors that migrate to take up their permanent 

positions at the base of the crypt [69]. Two main lineages of differentiated cells are 

discerned within the intestinal epithelium: the enterocyte or absorptive lineage and the 

secretory lineage [70] (Figure 6). Once differentiated cells reach the surface of the 
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intestinal epithelium, they are removed by apoptosis and released into gut lumen a few 

days later [70].  

  
 

Figure 6. Large intestine epithelium. The large intestine epithelium is shaped into crypts. The lineage 

scheme depicts the stem cell, the transit-amplifying cells, and the two differentiated branches. The right 

branch constitutes the enterocyte lineage and the left is the secretory lineage [70]. 

1.4 Molecular pathogenesis in colorectal cancer 

In 1990s, Fearon et al proposed a genetic model for colorectal carcinogenesis in 

which genomic alterations occur in a sequence that is parallel to the clinical progression 

of the tumour (Figure 7) [22]. Consequently, three different molecular carcinogenesis 

pathways have been described for CRC.   

The most commonly identified in sporadic CRC is the chromosomal instability 

pathway (CIN), which is observed in 65%-70% of the patients [71]. It is characterized by 

an accelerated rate of gains or losses of whole or large portions of chromosomes that 

results in karyotypic variability among cells [72]. Consequently, there appears an 

imbalance in chromosome number (aneuploidy), subchromosomal genomic 

amplifications and a high frequency of loss of heterozygosity [71]. The second pathway 

is the microsatellite instability pathway (MSI), accounting for approximately 15% of the 

cases. Microsatellite instability is a hypermutable phenotype caused by the loss of DNA 
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mismatch repair activity [73]. Finally, the third pathway is the CpG island methylation 

(CIMP), which is more associated with serrated neoplasia. The molecular mechanism for 

CIMP remains unknown but it is present in nearly all tumours with aberrant methylation 

of MHL1 [74], which is a mismatch repair gene involved in repairing base-to-base 

mismatches and insertion-deletion loops [75].  

 

Figure 7. Genetic model in colorectal cancer [76]. 

1.4.1 Key Genes in CRC 

a) Adenomatous Polyposis Coli 

The adenomatous polyposis coli (APC) gene is a key tumour suppressor gene. 

Germ-line mutations in this gene result in familial adenomatous polyposis [77], in which 

hundreds to thousands of adenomatous colonic polyps develop [78]. Mutations in APC 

have been found in a 60% of sporadic carcinomas and adenomas. Several studies indicate 

that APC is essential for the development and homeostasis and that its inactivation 

facilitates tumorigenesis [79–82]. Mutated APC leads β-catenin to accumulate, which in 

turn activates the canonical Wnt pathway, which is sufficient for intestinal tumorigenesis 

[77], and increases the transcriptional activity of different downstream genes, including 

important oncogenes such as MYC and CCND1 [83].  

b) KRAS 

KRAS is an oncogene member of the MAP kinase (MAPK) pathway, which 

regulates cell proliferation, differentiation, senescence, and apoptosis. There are 
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different RAS oncogenes, including HRAS, NRAS and KRAS, which is the most 

commonly mutated RAS family member in CRC and it is found mutated in 40% of 

sporadic CRCs [84]. KRAS encodes a small protein that transduces signals from the 

epidermal growth factor receptor (EGFR) family. KRAS mutation leads to constitutive 

activation of the MAPK cascade and promotes cell proliferation and survival 

independent of the EGFR [84]. The degree to which colorectal tumours depend on KRAS 

is still under investigation [85] but it is one of the most important drug targets for CRC 

because of its high rate of mutation in this cancer [86].  

c) BRAF 

BRAF is an oncogene member of the RAF family of the serine/threonine kinases, 

which as RAS pathway, regulates cell proliferation, differentiation, senescence, and 

apoptosis. BRAF mutations are found in about 10% of sporadic CRCs and are rare in 

Lynch syndrome carriers [84]. This is helpful to distinguish between subjects with 

familial CRC associated to Lynch syndrome and sporadic CRC. BRAF mutation has been 

seen to confer metastatic CRC a worse prognosis and resistance to therapies but at the 

same time a potential target for new drugs development [87]. 

d) PIK3CA 

PIK3CA, the catalytic subunit of PI3K, is somatically mutated in over 25% of 

colorectal cancers [88]. Among patients with wild-type KRAS CRC, the presence of 

PIK3CA mutations has been correlated with a significant increase in CRC-specific 

mortality. Moreover, this mutation may be the long sought biomarker for successful 

adjuvant therapy with aspirin in patients with CRC [89]. Therefore, PIK3CA mutations 

appear to be a promising predictive biomarker.  

e) SMAD4 

SMAD proteins are essential mediators of the TGF-β signalling pathway [90]. 

Among this protein family, SMAD4 has a central role as a common downstream 

regulator and tumour suppressor gene [91]. Sporadic mutations of SMAD4 are present 

in 2.1-20.0% of colorectal cancers but data are limited [90]. Previous studies showed that 

the loss of SMAD4 function was an independent prognostic factor for decreased 
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recurrence-free and overall survival in CRC patients, particularly those with advanced-

stage disease [92,93].  

f) p53  

The TP53 gene is involved in the control of the cell cycle and apoptosis and is 

commonly mutated in CRC [94,95]. The p53 protein induces G1 cell-cycle arrest and 

facilitates DNA repair prior to a cell committing to the process of DNA replication [84]. 

When DNA repair is unsuccessful, p53 induces apoptosis. It is believed that TP53 

mutation occurs at the transition from adenoma to carcinoma (Figure 7) and it has been 

found in 50-70% of CRC [22].  

1.4.2 Epigenetics of CRC 

Epigenetics are heritable changes in gene expression that do not arise as a 

consequence of alterations in the DNA sequence and that are mostly mediated by DNA 

methylation and histone modifications [96]. DNA methylation consists of the attachment 

of a methyl-group to the 5’ position of cytosine residues in cytosine-guanine 

dinucleotides [97]. Methylation can occur both in gene promoters and in non-promoter 

regions, the so-called CpG shores, which are located 2 kbp away from CpG islands and 

are also regulatory regions of gene activity [98]. It is important to recognize that DNA 

methylation is a normal mechanism in the mammalian genome by which cells regulate 

gene expression.       

Although gene mutations are important in the pathogenesis of cancer and it is 

widely accepted, the role of epigenetic alterations has been controversial until recently 

[97]. Feinberg and Vogelstein were the first to report an epigenetic alteration in cancer. 

Specifically, they observed that there was an extensive global loss of 5’-methylcytosine 

content in colon cancers when compared to normal colon [99]. This global 

hypomethylation is usually found in an age-dependent fashion and in the early steps of 

the CRC process [100–102]. DNA methylation pattern of normally unmethylated CpG 

islands in gene promoters of many types of neoplasms have been shown to be 

hypermethylated [100]. In fact, genome-wide studies of cancer epigenomes have 

revealed that between 1-10% of CpG islands are aberrantly methylated, suggesting that 
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a high number of gene promoters may be hypermethylated in the average cancer 

[103,104].  

Epigenetics instability in colorectal cancer is manifested through different 

pathways, including both hypermethylation of gene promoters that contain CpG islands 

and global DNA hypomethylation (Figure 8) [97]. Toyota and Issa observed that some 

CRCs show a high frequency of methylated genes, and they proposed the concept that 

these type of tumours present a unique molecular pathogenesis, calling them CpG Island 

Methylator Phenotype (CIMP) cancers [105]. Approximately the 20% of CRCs are CIMP 

tumours, and they are currently identified by having more than a 60% of methylated 

genes in a panel of “CIMP marker” genes [97]. This panel is still not standardized; 

however, the most commonly used panel is the one defined by Weisenberger et al, which 

includes the genes NEUROG1, SOCS1, RUNX3, IGF2, and CACNA1G [106].   

 

Figure 8. Epigenetic regulation of gene expression by methylation. Adapted from [107]. 

1.5 Normal epithelium – adenoma – carcinoma sequence 

Colorectal cancer is one of the best-known tumours not only because of its 

localization and accessibility but also because different tumoral stages can coexist in the 

digestive tract of the same patient (Figure 9).  

There are two different models that explain the first histological changes 

associated with the colorectal neoplasia transformation. In 2001, Vogelstein suggested a 

model in which genetically altered cells in the superficial portions of the mucosae spread 
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laterally and downward to form new crypts that first connect to pre-existing normal 

crypts and eventually replace them [108]. Another model is the one that postulates that 

adenomas start as unicryptal adenomas and grow initially by crypt fission, a bottom-up 

pattern [109].  

 

Figure 9. Normal epithelium – adenoma – carcinoma sequence. Adapted from [22] and [110]. 

Aberrant crypt foci, particularly those that are large and have dysplastic features, 

seem to be the precursors of adenoma and carcinoma [111]. Early adenomas are polyps 

smaller than 1 cm of diameter and do not show neither villous component nor high-

grade dysplasia, while intermediate adenomas have a diameter equal or higher than 1 

cm or present villous component or high-grade dysplasia. Late adenomas show a focus 

of intraepithelial carcinoma, which is commonly known as carcinoma in situ. Early 

adenomas are also known as non-advanced adenomas, and intermediate and late 

adenomas as advanced adenomas. Carcinoma is commonly referred to as cancer and it 

begins when tumoral invasive cells reach the epithelium basal membrane. Is in this stage 

when patients show the first clinical manifestations. There are 4 differentiated stages 

through carcinoma progression that are divided according to the extension of the 

primary tumour (category T), the presence of gangliolar metastasis (category N), and the 

presence of distal metastasis (category M) (Table 1). The last and most aggressive stage 

is metastasis, in which cells break away from the colon or the rectum, travel through the 
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blood or lymph system, and form new tumours in other parts of the body, such as liver, 

lung, peritoneum or bone [112].  

Table 1. TNM categories in colorectal cancer. 

Tumour stage (T) Definition 

TX Cannot be assessed 

T0 No evidence of cancer 

Tis Carcinoma in situ 

T1 Tumour invades submucosa 

T2 Tumour invades muscularis propria 

T3 Tumour invades through muscularis propria into submucosa 

T4 Tumour directly invades other organs or tissues 

Nodal stage (N)   

NX Regional lymph nodes cannot be assessed 

N0 No lymph node metastasis 

N1 Metastasis to one to three pericolic or perirectal lymph nodes 

N2 Metastasis to four or more pericolic or perirectal lymph nodes 

N3 Metastasis to any lymph node along a major named vascular trunk 

Distant metastasis (M) 

MX Presence of distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 Distant metastasis present  

 

1.6 Types of Colorectal Cancer 

Colorectal cancer can be divided into three main groups according to the family 

background of the subjects: sporadic, familial and hereditary. Moreover, hereditary 

CRCs can be subdivided into different syndromes: Lynch syndrome, also known as 

hereditary nonpolyposis colorectal cancer (HNPCC); familial adenomatous polyposis 

(FAP); and harmatomatous polyposis syndromes (Figure 10).  

This classification is useful in order to determine which screening method is the 

best to follow for each individual at risk.  
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Figure 10. Colorectal cancer classification. In brackets there is the prevalence of each group. Adapted from 

[113]. 

 

1.6.1 Sporadic CRC 

Sporadic CRC is developed in individuals with no familial or personal risk 

background and comprises between 65-85% of the total colorectal cancers [113,114]. It 

occurs in patients with a median age of 70-75 years and approximately 70% of CRCs 

develop in the distal colon [115]. Genetically, sporadic CRCs develop by accumulation 

of a series of abnormalities in tumour suppressor genes and oncogenes. The most 

common theory for the adenoma-carcinoma sequence is that in which APC mutation 

serves as an initiating event, followed by the accumulation of multiple mutations of 

genes, such as KRAS, SMAD4 and TP53 (Figure 11) [22,116]. According to this theory, at 

least seven different mutations are needed for CRC pathogenesis.  

As stated before, the vast majority of sporadic colorectal cancers arise via the well-

characterized chromosomal instability pathway. However, over the last two decades 

many of the molecular mechanisms of a “serrated neoplasia pathway” accounting for 

approximately 30% of CRCs have been determined [117]. This novel pathway is 

characterized because it requires the MAPK and the CIMP pathways activation [118]. 

MAPK pathway activation occurs primarily by either BRAF or KRAS mutation, and 

CIMP can be either low level or high level (Figure 11). Finally, although important, MSI 

is not a requirement of the serrated neoplasia pathway.  

Sporadic

Familial (10-30%)

Lynch Syndrome (2-3%)

FAP (<0,5%)

Hamartomatous Polyposis
Syndormes (<0,1%)



Malagón 2019. New tools for the early detection of CRC 

20 

 

 

Figure 11. Putative molecular pathways to colorectal cancer [118]. CIMP-H, CpG island methylator high 

degree; CIMP-L, CpG methylator low degree; MMR, mismatch repair genes; MSI, microsatellite instability; 

MSS, microsatellite stability; FAP, familial adenomatous polyposis; SSA, sessile serrated adenoma; SSAD, 

sessile serrated adenoma with dysplasia; TSA, traditional serrated adenoma; TA, tubular adenoma; TVA, 

tubulovillous adenoma; sTVA, tubulovillous adenoma with serrated features; HGD, high grade dysplasia. 

 

1.6.2 Familial CRC 

Familial CRC is a heterogeneous condition that includes patients with no 

recognized hereditary syndromes and patients with seemingly sporadic forms that 

aggregate in families [119]. It represents between 25-30% of CRCs. The molecular 

mechanism that occur in these patients has not been established but a combination of 

environmental and inherited genetic factors may play a role in CRC development in 

these families. Colonoscopic surveillance is already offered to people with moderate risk 

due CRC family background [120–122]. However, there is lack of evidence supporting 

reduced mortality. Table 2 shows an estimation of CRC risk among first degree relatives 

according to a meta-analysis performed by Johns et al [123]. 

Serrated pathways           Hereditary pathways      Conventional pathways 
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Table 2. Relative and absolute risk of developing colorectal cancer according to family history. Adapted 

from [119]. 

Family history Relative risk of CRC 
Absolute risk of 

CRC by age 79 

No family history 1.00 5% 

One first degree relative with CRC 2.25 (95% CI: 2.00-2.53) 11% 

More than one first degree relative with CRC 4.25 (95% CI:3.01-6.08) 21% 

One first degree relative diagnosed with CRC 

before age 45 
3.87 (95% CI: 2.40-6.22) 19% 

 

1.6.3 Hereditary CRC 

Between 2-5% of all colorectal cancers occur within inherited syndromes [124]. 

CRC syndromes are commonly subclassified as Lynch syndrome (previously known as 

hereditary non-polyposis colorectal cancer syndrome, HNPCC) or as one of the 

polyposis syndromes, characterised by the presence of multiple colorectal polyps [125].  

Lynch syndrome (LS) is the most common hereditary CRC predisposing 

syndrome. It is implicated in 2-4% of CRC cases [126]. LS is characterized by a high 

penetrance, early onset CRC, and an increased risk of extra-intestinal cancers (Figure 

12A). Cancer risk in LS carriers vary among different germline mismatch repair gene 

mutations (Table 3) [127–129].  

LS is inherited in an autosomal dominant fashion, developing from a mutation in 

one allele of one of the DNA mismatch repair genes (MMR) [125]. The most common are 

MLH1 and MSH2 (90%), followed by MSH6 (10%) and PMS2 (rare) [130,131]. Loss of 

functional MMR proteins leads to defects in DNA repair, and consequently, high DNA 

microsatellite instability. LS carriers have a 50% lifetime-risk of developing CRC, 

however, they do not show an increase in the number of adenomatous polyps, which 

are common precursors of CRC [132].  
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Table 3. Risk of all type of cancers by age 70 in Lynch syndrome (LS). NA: Non-available. Adapted from 

[125]. 

Cancer 
Risk general 

population 
Risk in LS 

Average age of 

diagnosis (years) 

Endometrium 2.7%   65 

  MLH1/MSH2   14-54% 48-62 

  MSH6   17-71% 54-57 

  PMS2   15% 49 

Stomach <1% 0.2-13% 49-55 

Ovary   1.6% 4-20% 43-45 

Breast   12.4% 5-18% 52 

Prostate   16.2% 9-30% 59-60 

Urinary tract <1% 0.2-25% 52-60 

Colorectal 4.5%     

  MLH1/MSH2   22-74% 27-46 

  MSH6   10-22% 54-63 

  PMS2   15-20% 47-66 

Small bowel <1% 0.4-12% 46-49 

Pancreas 1.5% 0.4-4.0% 63-65 

Hepatobiliary tract <1% 0.02-4% 54-57 

Brain/central nervous system <1% 1-4% 50 

Sebaceous neoplasm <1% 1-9% NA 

 

Gastrointestinal polyposis syndromes are subclassified according to the 

predominant type of polyps (i.e. adenomatous polyps, hamartomatous polyps or 

serrated polyps). The most predominant polyposis syndrome is the familial 

adenomatous polyposis (FAP), which accounts approximately 1% of CRCs [133]. The 

main characteristic of FAP is the emergence of hundreds to thousands of adenomatous 

polyps throughout the entire colon beginning from late childhood (Figure 12B). This 

syndrome is autosomal dominant and is caused by a germline heterozygous mutation 

in the APC [134]. There is a subgroup of FAP in which patients have milder 

manifestations compared to classic FAP named attenuated familial adenomatous 

polyposis (AFAP). AFAP patients have less than 100 polyps, later onset of CRC 

adenomas and a reduced lifetime risk of CRC [125]. Around 10% of AFAP patients carry 

an APC mutation and 7% have a mutation in the MUTYH gene [135]. MUTYH-associated 

polyposis (MAP) is a recessively inherited syndrome caused by biallelic mutations in 
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MUTYH gene [136]. Its main characteristic is the development of 10-100 adenomas in the 

colorectum (Figure 12C) [137]. MAP phenotype is similar to AFAP, however, there are 

reports of patients presenting with mainly hyperplastic or serrated polyps [138]. 

Moreover, biallelic MUTYH mutations have been found in Lynch-like patients who do 

not present mutation in the MMR genes [139]. Peutz-Jeghers syndrome (PJS) is an 

inherited, autosomal dominant disorder distinguished by hamartomatous polyps in the 

gastrointestinal tract and pigmented mucocutaneous lesions (Figure 12D) [140]. The 

prevalence of PJS differs between studies, being the widest estimated range from 1 in 

8,300 to 1 in 280,000 individuals [141,142]. Currently, the only identifiable mutations 

causing PJS affect the STK11 gene, which encodes for a multifunctional serine-threonine 

kinase, important in second messenger signal transduction [140]. Juvenile polyposis 

syndrome (JPS) is a rare autosomal dominant hereditary disorder characterized by the 

presence of multiple distinct juvenile polyps (Figure 12E) [143]. The estimated life-time 

risk of CRC in JPS patients varies from 9-50% [144], and CRC is found in 17-22% of JPS 

patients by age 35 [145]. Between 50-60% of patients diagnosed with this syndrome 

present a germline mutation in the genes SMAD4 or BMPR1A [146,147]. Another rare 

polyposis syndrome is PTEN hamartoma tumour syndrome (PHTS). PHTS is a 

heterogeneous group of disorders with autosomal dominant inheritance caused by 

germline mutation of PTEN gene (phosphatase and tensin homolog) [125]. Most PHTS 

cases correspond to Cowden syndrome (CS), which shows an increased risk for 

developing tumours in various organs (i.e. breast and thyroid), and patients present with 

a wide range of clinical phenotypes including orocutaneous lesions, papillomatous 

papules, macrocephaly, dolichocepaly and polyps throughout the colon (Figure 12F) 

[148]. PHTS also includes Bannayan-Riley-Ruvalcaba syndrome (BRRS), which is a 

congenital syndrome characterised by lipomatosis and hamartomatous polyposis, and 

Proteus-like syndrome, a disorder involving hemihypertrophy and hamartomatous 

overgrowth of multiple tissue [149]. Finally, there is the serrated polyposis syndrome 

(SPS), which is a clinically defined syndrome characterised by the presence of multiple 

serrated polyps in the colorectum and an increased risk of CRC (Figure 12G). The 

average age of diagnosis is between 55-65 years, but ranges from 11 to 83 years [150]. 

Patients with SPS have an increased risk of CRC with might be higher than 50% during 
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the lifetime [151]. Accumulated somatic changes have been found in these serrated 

polyps including BRAF mutations and a high level of promoter methylation (CIMP). 

These different molecular aberrations suggest that serrated polyps develop via a 

serrated neoplasia pathway which differs from the traditional adenoma-carcinoma 

sequence (Figure 11) [152].  

 

Figure 12. Macroscopic characteristics of each hereditary CRC syndromes. (A) Lynch syndrome, this 

resection specimen shows a malignant tumour in the caecum and an otherwise unremarkable surrounding 

mucosa without polyps; (B) Familial adenomatous polyposis, classic FAP is characterised by innumerable 

mainly small adenomatous polyps carpeting the entire colonic mucosa; (C) MUTYH-associated polyposis, 

MAP is characterised by development of 10-100 adenomas in the colorectum, and resembles attenuated 

FAP; (D) Peutz-Jeghers syndrome, lower number of polyps than in FAP and typically around a dozen, the 

hamartomas show a tree-like configuration with arborizing strands of smooth muscle crypts; (E) Juvenile 

polyposis syndrome, there are between a few to hundreds of polyps which vary in size between 5-50 mm 

and are typically spherical with a smooth surface due to erosion; (F) Cowden syndrome, CS patients 

present polyps throughout the entire gastrointestinal tract; (G) Serrated polyposis syndrome, SPS type 1 

is depicted in G, which presents relatively few large, right-sided mostly sessile serrated adenomas. 

Adapted from [125].  
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2 Colorectal Cancer Screening 

2.1 CRC prevention 

Although colorectal cancer is the third leading cause of cancer death worldwide, 

it is one of the easiest tumours to prevent. Therefore, it is important that governments 

focus their efforts at different prevention levels: primary, secondary and tertiary level.  

The main objective of primary prevention is decreasing the risk for developing 

colorectal neoplasms by following a healthy diet and lifestyle, and chemoprevention 

[153]. Chemopreventive measures consist of the use of drugs, vitamins, or other agents 

to try to reduce the risk of or delay the development or recurrence of cancer [154]. One 

of the most commonly evaluated approach for CRC chemoprevention is the use of 

nonsteroidal anti-inflammatory drugs such as aspirin [155].  

Colorectal cancer screening is the secondary prevention strategy. The aim of CRC 

screening is to reduce its incidence, by detecting and removing precursor lesions such as 

colorectal adenomas; and mortality [156]. CRC is a disease susceptible for screening as 

it constitutes an important health issue, its natural history has been widely studied, 

diagnostic methods for its early detection are available and its treatment is more effective 

when it is early diagnosed (Box 1). Moreover, CRC screening programmes have been 

demonstrated to be more cost-effective than other screening programmes such as those 

for breast and cervix cancers [157].  

The tertiary prevention strategy is CRC surveillance. The objective of this approach 

is to minimize the impact of previously established colorectal neoplasms on the 

prognosis of the patient. It is based on colonoscopic follow up after CRC or adenomas 

removal [158,159]. In 2015, Castells et al designed a proposal for risk stratification of 

patients with colorectal adenomas and serrated lesions detected at screening 

colonoscopies [160]. These recommendations are necessary to standardize the follow up 

of the large proportion of participants in organized CRC screening programs in whom 

neoplastic lesions are diagnosed.  
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Box 1. Screening programmes principles according to the World Health Organisation. Adapted from [161]. 

 

• The screening programme should respond to a recognized need. 

• The objectives of screening should be defined at the outset. 

• There should be a defined target population. 

• There should be scientific evidence of screening programme effectiveness. 

• The programme should integrate education, testing, clinical services and 

programme management. 

• There should be quality assurance, with mechanisms to minimize potential risks of 

screening. 

• The programme should promote equity and access to screening for the entire 

target population. 

• Programme evaluation should be planned from the outset. 

• The overall benefits of screening should outweigh the harm. 

 
 

 

2.2 CRC screening methods 

Continued improvement in screening quality and adherence remains key in order 

to further reduce the prevalence of colorectal cancer associated deaths. The most 

extensively used CRC screening methods are the following: 

a) Colonoscopy 

Colonoscopy allows direct visualization of the colonic mucosa, biopsy of lesions, 

and polyp removal over the entire colon [162]. Sensitivity and specificity for CRC and 

advanced adenoma approaches 100% in experienced hands [163]. Actually, colonoscopy 

is the confirmatory test used when a positive result of a non-invasive CRC-screening 

strategy is obtained [121,164]. Evidence of efficacy derives from observational studies, 

with a relevant impact on both incidence (reduced by 66-90%) and mortality (reduced 

by 31-65%) [158,165–167]. Screening colonoscopy has not only advantages but also 

limitations, i.e. higher inter-operator variability in adenoma detection rate has been 

reported [168], and some retrospective analyses have questioned the capability of 

reducing incidence and mortality from proximal CRC [169,170]. Moreover, colonoscopy 

is an invasive examination, which requires an exhaustive bowel cleansing, and it is time 

consuming, painful, and expensive [162]. Indeed, it is estimated that the cost to screen 
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the whole target average-risk population in Europe (i.e. approximately 146 M people) 

would exceed 3,650 M euros annually [153]. All this together with the fact that the 

prevalence of advanced neoplasia in average-risk population does not exceed 10% of 

these subjects [171], makes it rational to limit the use of screening colonoscopy to those 

individuals with the highest likelihood of presenting these lesions.  

b) Flexible sigmoidoscopy 

Flexible sigmoidoscopy (FS) allows visual inspection of colonic mucosa, biopsy 

taking and polyp removal in the distal tract of the colon. Randomized controlled trials 

have showed that screening with FS reduces CRC incidence by 18-23% and mortality by 

22-31% [172]. Although demonstration of CRC-specific incidence and mortality 

reduction, FS has long been questioned because of its lower ability to detect proximal 

advanced neoplasms with respect to colonoscopy [173,174]. Actually, in the post hoc 

analysis of the ColonPrev study, simulated sigmoidoscopies detected between 35-43% 

fewer subjects with advanced neoplasms than colonoscopy [175].  

c) Guaiac-based faecal occult blood test 

The guaiac faecal occult blood test (gFOBT) relies on peroxidase-like activity 

between the group heme and alpha guaiaconic acid. The red blood cells released from 

colorectal polyps or other lesions contain haemoglobin as a major intracellular 

constituent. The haemoglobin heme groups can catalyse the oxidation reaction of alpha 

guaiaconic acid, which will develop a highly conjugated blue quinine compound (Figure 

13) [176]. gFOBT exhibits a sensitivity of 12.9-79.4% and a specificity of 86.7-97.7% for 

CRC screening in many studies [177,178]. The main inconvenient of this test is the 

requirement of a prescribed diet in order to avoid false-positive results that can occur 

because of the consumption of specific foods which contain blood, alcohol or non-

steroidal anti-inflammatory drugs.  

d) Faecal immunochemical test  

Unlike gFOBT, faecal immunochemical tests (FIT) are specific for human blood 

and insensitive to upper gastrointestinal tract bleeding (Figure 13) [164]. The 

quantitative nature of FIT allows the selection of an optimal cut-off concentration for the 
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desired target population [179]. This way, FIT could contribute to identifying those 

subjects with higher risk for developing advanced neoplasms in order to prioritize them 

in organized CRC-screening programs with a large colonoscopy demand [153,180]. Data 

from 19 studies, where FIT performance in CRC-screening in asymptomatic was 

assessed, showed that the overall sensitivity for CRC was 79% and the overall specificity 

was 94% [181]. It is important that CRC-screening strategies show high performance in 

detecting not only colorectal cancer but also precancerous lesions. Sensitivity for 

precancerous lesions is 28%, which results in a high false-positive rate [182]. Therefore, 

new CRC-screening methods with increased sensitivity for advanced adenomas must be 

developed.  

 

Figure 13. Faecal tests. A) Chemical oxidation reaction of alpha guaionic acid for guaiac. Step 1: apply 

faecal smear; Step 2: add developing reagent containing H2O2 to oxidize guaiaconic acid to guaiacum 

blue. B) Illustration of lateral flow immunochromatographic analysis principle of faecal immunochemical 

test for haemoglobin. Adapted from [176] and [183].   

 

e) Faecal DNA biomarkers 

Colorectal tumoral lesions contain cells with altered DNA which are continuously 

released into the large bowel lumen. Faeces stabilize DNA, thus making it possible to 
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extract it for analysis. As cancers are highly heterogeneous, panels combining different 

biomarkers have been developed in order to obtain higher detection rates for both CRC 

and advanced adenomas. Recently, Imperiale et al [184] compared a multitarget stool 

DNA test (Cologuard®), which includes quantitative molecular assays for KRAS 

mutations, aberrant NDRG4 and BMP3 methylation, and β-actin, plus a haemoglobin 

immunoassay, with a commercial FIT among a large series of individuals at average-risk 

for CRC. This new test showed a sensitivity for CRC and advanced adenomas of 92.3% 

and 42.4%, respectively, while FIT showed a sensitivity of 73.8% for CRC and 23.8% for 

advanced adenomas. Specificities with DNA testing and FIT for CRC detection were 

89.8% and 96.4%, respectively. These results indicate that the combination of specific 

stool DNA biomarkers detects more advanced neoplastic lesions than FIT at expenses of 

a higher false-positive rate [184]. The main limitation for broad application of 

Cologuard® is its cost (599 $), which is too high for a routine screening assay [181].   

f) Plasma molecular biomarkers  

A CRC-screening tool based on blood biomarkers would favour screening uptake. 

Currently, there have been found two kind of molecules present in blood used for CRC 

early detection. On the one hand, aberrant DNA methylation patterns, which have been 

found in plasma or serum samples of CRC patients, are potential biomarkers for 

screening [185]. On the other hand, Giraldez et al showed that microRNAs (miRNAs), 

which are small non-coding RNAs that have been shown to play important roles in 

tumorigenesis, seem to have high potential as non-invasive biomarkers [186]. 

Nowadays, a plasma SEPT9 gene methylation test (Epi proColon 2.0) is the only 

commercially available blood test for CRC screening. The PRESEPT study, which is the 

largest multicentric clinical trial aimed at assessing the ability of SEPT9 to detect CRC in 

average-risk population, showed a sensitivity of 48.2% and a specificity of 91.5% for CRC 

detection [187]. Although this assay was designed for CRC detection, its performance 

for advanced adenoma detection was also assessed obtaining a sensitivity of 11% and a 

specificity of 92%. These results indicate that SEPT9 can be detected in asymptomatic 

average-risk individuals’ blood in a CRC-screening scenario [187]. However, this test 

needs to be improved as sensitivity for the detection of precancerous lesions is too low.  
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2.3 Organized CRC-screening programs 

Colorectal cancer screening can be offered to the population as an organized 

program or as opportunistic screening. The first strategy is addressed to the whole 

population and the second to people who attends a doctor’s office (Table 4). Evidence 

shows that organized CRC-screening programs allow broader coverture [188].  

The European Union (EU) recommends population-based screening for breast, 

cervical and colorectal cancer using evidence-based methods with quality assurance of 

the entire screening process [189]. Currently, 20 out of 28 EU countries are initializing or 

implementing CRC-screening organized programs [190]. Several countries from other 

parts of the world such as USA, Australia, Japan, etc, have also implemented 

CRC-screening politics. Nowadays, CRC screening programs are focused on people 

between 50 and 74 years. The best CRC-screening strategy has not been defined, but the 

most widely used are faecal occult blood tests (both gFOBT and FIT), sigmoidoscopy, 

and colonoscopy (Figure 14).  

 

Figure 14. Worldwide distribution of CRC-screening methods. Adapted from [190]. 
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Table 4. Main differences between organized and opportunistic CRC-screening. gFOBT, guaiac faecal 

occult blood test; FIT, faecal immunochemical test; CRC, colorectal cancer. Adapted from [191]. 

Topic Organized Screening Opportunistic Screening 

Screening method 

(i.e. gFOBT, FIT, 

colonoscopy, etc) 

Fixed and chosen by the 

Government 

Variable: chosen by the 

individual or by the provider 

Target population 
Population with a specific age 

(equity) 

Variable: by medical 

recommendation or individual 

requirement 

Invitation strategy 
Active: anyone from target 

population 

Passive: there is no consistent 

strategy 

Objective 
Mortality and incidence reduction 

(populational level) 

Mortality and incidence 

reduction (individual level) 

Screening method 

sensitivity 

The highest sensitivity is not 

sought 

The method with highest 

sensitivity is used 

Screening method 

specificity 

A high specificity is sought in 

order to reduce the false-positive 

rate and the associated costs 

Lower importance 

Screening interval  

Stablished to maximize 

populational benefits with 

reasonable costs 

Variable: usually more frequent 

in order to maximize the 

protection of the individual 

Available health 

resources 

Limited to the population. Follow 

health politics 

Limited to individuals. It 

depends on the income and 

private insurances 

Quality guarantee 

The objectives have to be 

achieved and monitorization is 

needed 

Objectives are established but 

they are not always monitored 

Participation Specified and monitored 
Can be specified and monitored 

or not 

Relationship with 

CRC risk 

The age group with the highest 

screening benefits, not necessarily 

high-risk people 

It can lead to an excessive 

screening of low-risk individuals 

Benefits 

Maximized benefits for the 

population within the existing 

resources 

Maximized benefits for the 

individual 

Risks 
Minimized for the population 

within the existing resources 
Not necessarily minimized 

  

2.4 Risks and benefits of CRC-screening programs 

Although CRC-screening programmes are aimed to reduce the incidence and 

mortality associated to colorectal tumoral lesions, they do not only offer benefits to the 

population but also adverse effects. The most common inconvenient derived from a 
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CRC-screening program are the false positive results. The false-positive rate will depend 

on the screening method cut-off. In Spain positive FIT results are those with a 

concentration equal or higher than 20 µg of haemoglobin per gram of faeces. False 

positive results lead to patients’ concern [192], additional costs [193], and performance 

of unnecessary colonoscopies and their potential risks. FIT false positives have been 

associated to different factors such as patients’ age and sex, smoking, nonsteroidal anti-

inflammatory drugs and antiaggregant consumption, and haemorrhoids [194–196]. 

From 2000 to 2010, in the Catalan CRC screening programme the false-positive 

proportion was 55.2% [197]. It is necessary to develop new cheap non-invasive CRC 

screening tools with higher specificity than FIT in order to reduce those costs derived 

from its false positive results. Another adverse effect of CRC-screening programmes are 

FIT false negative results. These results cause false patients’ tranquillity and generates a 

delay in the diagnosis of the neoplasia. Previous studies have shown that factors 

associated to FIT false negatives are the presence of the lesion in the proximal intestine, 

the size and the severity of the lesion, the non-polypoid morphology and the delay on 

the analysis of the test [182,198,199]. Nevertheless, it has been demonstrated that 

successive CRC-screening rounds (every 1 or 2 years) allow the detection of lesions 

previously undetected, thus reducing CRC risk [200].   

3 Lynch Syndrome 

Approximately 2-5% of all colorectal cancers arise from Lynch syndrome (LS), 

which is an autosomal dominant genetic disorder. The global incidence of heritable CRC 

is relatively low when compared to sporadic CRC; however, it is important to detect 

early such high-risk subjects and their families in order to set up periodic screening and 

surveillance programs [201].  

3.1 Clinical and molecular features 

Lynch syndrome is characterized by an early onset of CRC, usually before 50 and 

in the right colon. LS carriers have the tendency to develop synchronic or metachronous 

neoplastic lesions at the colon or other organs such as the endometrium, stomach, ureter, 

ovarium, biliary tract, and small intestine [202].  
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LS is caused by heterozygous germline mutations in the DNA MMR genes [203]: 

MLH1, located on chromosome 3p21.3; MSH2 and MSH6, both located on 2p21; and 

PMS2, located on 7p22. Individuals with mutations in these genes have lower ability to 

repair base pair mismatches that occur during cell division. In normal conditions, MSH2 

and MSH6 from a heterodimer that slides along DNA as a clamp to identify insertion-

deletion loop errors (Figure 15). MLH1 partners with PMS2 and binds to the MSH2-

MSH6 complex after ATP is bound, and together this group of 4 proteins targets EXOI 

to perform the repair. MMR genes germinal mutations have two major consequences: 

microsatellite instability (MSI) and loss of protein expression.  

Microsatellites are short repetitive DNA fragments that are present throughout the 

whole genome. Microsatellite instability is a phenomenon found in the colorectal cancer 

DNA of subjects with MMR gene mutations, but not in the adjacent normal colorectal 

mucosa [204]. MSI constitutes a LS phenotypic marker and it has been found in more 

than 90% of LS carriers that fulfil the Amsterdam criteria and in 15% of sporadic CRC 

[205].  LS carriers also show loss of expression of the proteins encoded by MMR genes at 

the level of the tumour. This alteration can be detected through immunohistochemistry 

techniques, which is an effective strategy to detect subjects with mutations in DNA 

repairing genes [206].  

 

Figure 15. Model of human mismatch repair. Adapted from [207]. 
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3.2 LS identification and screening strategies 

Lynch syndrome identification is usually performed through the analysis of the 

presence of microsatellite instability in the tumour and/or with an immunohistochemical 

study of MMR proteins expression together with clinical criteria (Amsterdam criteria II 

and revised Bethesda guidelines) (Box 2) [208,209].  

Currently, the most accepted strategy for Lynch syndrome identification follows 

the revised Bethesda guidelines [206]. MSI and/or immunohistochemistry analysis are 

performed using tumour biopsies of patients with CRC that meet revised Bethesda 

criteria. When there is microsatellite stability or normal expression of the MMR proteins 

no more studies are performed. Conversely, if there is high MSI or protein expression 

loss, patients are invited to undergo a germinal genetic study.    

Box 2. Clinical criteria for Lynch syndrome identification. Adapted from [208,209]. 

Amsterdam Criteria II 

There should be at least 3 relatives with a LS-associated cancer (CRC, cancer of the 

endometrium, small bowel, ureter, or renal pelvis) 

• One should be a first-degree relative of the other 2 

• At least 2 successive generations should be affected 

• At least 1 should be diagnosed before age 50 

• Familial adenomatous polyposis should be excluded in the CRC case(s) if any  

• Tumours should be verified by pathological examination 

Revised Bethesda Guidelines 

Tumours from individuals should be tested for MSI in the following situations: 

• CRC diagnosed in a patient who is less than age 50 

• Presence of synchronous, metachronous colorectal, or other LS-associated tumours, 

regardless of age 

• CRC diagnosed in two or more first- or second-degree relatives with LS-related 

tumours, regardless of age 
 

 

3.3 LS surveillance 

Genetic analysis should be offered to all LS first-degree relatives, so that only those 

members that carry mutations undergo endoscopic examinations. Colonoscopic 

surveillance aims to identify and remove adenomatous polyps and detect carcinomas at 

initial stages, thus improving LS carriers prognosis [210]. A major issue is to define an 

optimal procedure and interval for surveillance. Several observational studies on the 
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efficacy of regular colonoscopic surveillance have suggested intervals between 1 and 2 

years [211–213]. Individuals with germline mutations are recommended to start 

colonoscopy at age 25 or 5 years younger than the youngest age at diagnosis in the 

family, whichever comes first. However, as colonoscopy is an invasive procedure that 

presents several inconveniences for patients (i.e. unpleasant bowel preparation, 

sedation, possibility of bowel perforation) there is low compliance [214]. Moreover, 

endoscopic examinations are associated to high costs. Therefore, it is necessary to 

develop novel tools which could lead to the reduction of unnecessary surveillance 

colonoscopies, hence improving the quality of life of LS carriers. In terms of extracolonic 

tumoral lesions, experts recommend to follow annual screening for endometrial cancer, 

beginning at age 25-35 [204].  

4 Intestinal Microbiota 

4.1 Gut microbiota composition 

The human body is inhabited by a huge number of bacteria, archaea, viruses, and 

unicellular eukaryotes. It is estimated that the human microbiota contains around 1014 

bacterial cells, which is 10 times greater than the number of human cells present in our 

bodies [215]. By far the most heavily colonized organ is the gastrointestinal tract (GI), 

with more than a 70% of all the human body microorganisms [216]. This can be explained 

by the big surface area (200 m2) and by its richness in molecules that can be used as 

nutrients by microbes [217]. Most of the gut microbiota is composed of strict anaerobes. 

Over 50 bacterial phyla have been seen to colonize the gastrointestinal tract [218]; 

however, gut microbiota is dominated only by Bacteroidetes and Firmicutes. Other 

phyla such as Proteobacteria, Verrucomicrobia, Actinobacteria, Fusobacteria, and 

Cyanobacteria are present in minor proportions [219].  

Nevertheless, gut microbiota is distributed heterogeneously along the 

gastrointestinal tract. Stomach is the organ with the lowest load of bacterial cells 

followed by the small intestine and the colon (101-103, 104-107, and 1011-1012 cells per gram, 

respectively) [215]. Moreover, microbiota composition varies among these sites as many 

factors shape microbial diversity in the human gut (i.e. pH, redox potential, intestinal 

motility, availability of nutrients and water, salt contents, microbial competition, etc). 
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Wang et al reported that the microbial community in jejunum is different from those in 

distal ileum, colon and rectum [220]. While the upper GI tract is enriched in facultative 

anaerobes such as Streptococcus and Enterobacteriaceae, strict anaerobic microbes such 

as Firmicutes and Bacteroidetes are more abundant in the lower GI. Differences in 

microbial composition are also found between gut lumen and surfaces mainly due to the 

distribution of the tissue-associated mucus and the radial oxygen gradient (Figure 16). 

The epithelial surface and the inner mucin layer have low colonization in healthy 

individuals; the outer mucin layer contains specialist colonizers such as Akkermansia 

muciniphila; the gut lumen-liquid phase has the most variable microbial community; and 

the gut lumen-substrate particles are rich in specialized colonizers such as Ruminococcus 

spp [221].   

 

Figure 16. Microbial microenvironments within the large intestine. Extracted from [221]. 

4.2 Gut microbiota evolution though life stages 

Human gut microbiota changes its structure and function from early infancy to old 

age. Infants have a peculiar gut microbiota composition, which exerts specific functions 

for the infant biology, training the immune system, and being involved in brain 

development and host nutrition [222]. When we get older the gut microbiota gains 
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diversity and develops new physiological functions, in order to fulfil adult 

requirements, such as food energy extraction.  

Microbes colonize human for the first time immediately during the delivery [223]. 

The infants’ intestinal tract is colonized just a few hours after birth, being facultative 

anaerobic bacteria (i.e. enterobacteria, streptococci, and staphylococci) the first 

colonizers (Figure 17). Over time, oxygen concentration decreases allowing strictly 

anaerobic bacteria to settle in the intestine [224]. The delivery mode is one of the factors 

that influences the early microbiota composition of infants. Dominguez-Bello et al 

observed that infants delivered through vagina acquire bacteria that resembles their 

mother’s vaginal microbiota, whereas infants delivered by caesarean section acquire 

bacterial communities similar to those found on the mothers’ skin surface [225]. Infants’ 

gut microbiota fluctuates until solid food is introduced to their diet, when it shifts 

toward the adult-type microbiota. While infants have a microbiota enriched in 

Bifidobacteria, solid food introduction causes a shift into a bacterial community 

dominated by Firmicutes and Bacteroidetes, which resembles more the microbiota of 

adults [226]. This adult-type microbiota is capable of metabolizing complex 

polysaccharides and provides mutual benefits to the host [227]. Its high plasticity allows 

it to change and adapt in response to environmental and endogenous factors. Elderly 

people change their diet and lifestyle (i.e. taste and smell alterations, changes in gut 

motility and mastication), which can cause alterations that result in a nutritionally 

imbalanced diet [228]. These modifications together with immunosenescence affect both 

the phylogenetic and functional structure of gut microbiota, favouring the increase of 

pathobionts such as Enterobacteriaceae and the reduction of immunomodulatory 

groups such as Clostridium cluster IV and XIVa, and Bifidobacterium [229].  



Malagón 2019. New tools for the early detection of CRC 

38 

 

 

Figure 17. Age-related changes in human gut microbial ecosystem. α-diversity: species taxa richness 

within a single host/microbial environment, β-diversity: diversity in microbiota community (taxonomic 

abundance profiles) between different environments/samples. Extracted from [230]. 

4.3 Factors that determine gut microbiota composition 

Microbiota composition is shaped by host and environmental selective pressures. 

Gut microbes must be adapted to a certain type of lifestyle due to the fewer number of 

biochemical niches available in the gut, compared with other microbial-rich 

environments [231].  

Diet is the factor that exerts the largest effect on the gut microbiota. Extreme 

“animal-based” or “plant-based” diets result in wide-ranging alterations of the gut 

microbiota in humans [232]. Fibre-rich diets also influence gut microbe composition as 

it has been demonstrated that diets high in resistant starch or in non-starch 

polysaccharide fibre result in strong enrichment of different bacterial species [233]. New-

born feeding methods can also affect the abundance of some bacterial species. 

Bifidobacterium spp. is highly abundant in breast-fed infant microbiota whereas it is 

reduced in formula-fed infants [234,235]. Moreover, formula-fed infant gut microbiota 

has altered levels of groups such as Escherichia coli, Clostridium difficile, Bacteroides fragilis 

and lactobacilli.  

Intestinal mucus also provides a source of carbohydrates to the gut microbiota. 

The erosion of the colonic mucus barrier under dietary fibre deficiency is associated with 

a switch of the gut microbiota towards the utilization of secreted mucins as a nutrient 

source [236].  
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Co-operation between gut microbes also allows colonisation by a more diverse set 

of organisms, shaping the gut microbiota community [231]. A mechanism proposed to 

mediate this effect is microbial cross-feeding. For example, Ruminococcus bromii produces 

acetate by fermentation of resistant starch [237], which provides substrate for other 

microbiota members such as Eubacterium hallii and Anaerostipes caccae, which in turn 

convert it into butyrate [238].  

Bile acids appears to be a major regulator of the gut microbiota. Kakiyama et al 

analysed the levels of faecal bile acids and the microbiome community of patients with 

early and advanced cirrhosis and those of control patients [239]. As cirrhosis progressed, 

they observed an increased bacterial dysbiosis, which was linked to low bile acid levels 

entering the intestine. This dysbiosis was characterized by reduction of gram-positive 

members such as Blautia and Rumminococcaceae and an increase in proinflammatory 

and potentially pathogenic taxa.  

Another important factor that can shape microbiota is the host immune system. 

This effect is limited to stratification and compartmentalisation of bacteria to avoid 

opportunistic invasion of host tissue [216]. Species-specific effects are less probable as 

there is high amount of functional redundancy within the microbiota. Administered and 

host-derived antimicrobials also shape the gut microbiota. Many secreted antimicrobial 

proteins kill bacterial through direct interaction and disruption of the bacterial cell wall 

through enzymatic attack [240]. In patients with ileal Crohn’s disease the reduction of 

mucosal α-defensin expression, an antimicrobial protein, has been seen, which 

highlights the importance of this kind of proteins [241].  

Environmental factors such as geographic location, surgery, smoking, depression 

and living arrangements (urban or rural) are also implicated in shaping the gut 

microbiota. One of the environmental factors with higher impact on the microbial 

community are antibiotics, which dramatically disrupts both short- and long-term 

microbial balance, including decreases in the richness and diversity of the community 

[231]. The produced imbalance can result in an increased susceptibility to pathogen 

colonization, for example the elimination of some bacterial species that control the 

growth of pathogens such as Clostridium difficile can cause its overgrowth [242].  
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4.4 Functions of gut microbiota 

There is still lack of complete knowledge about all functions of intestinal 

microbiota and its interactions with the host [243]. Nevertheless, it is well documented 

that gut microbiota is essential for intestinal development, homeostasis and protection 

against opportunistic pathogens (Table 5). Indeed, some researchers refer to intestinal 

microbiota as an extra organ of the host [244].  

Table 5. Functions of the intestinal microbiota. Commensal bacteria exert a protective, structural and 

metabolic effects on the intestinal mucosal. IEC: Intestinal epithelial cells. Adapted from [244]. 

 

Protective functions Structural functions Metabolic functions 

● Pathogen displacement ● Barrier fortification 
● Control of IEC differentiation and 

proliferation 

● Nutrient competition ● Induction of IgA ● Metabolize dietary carcinogens 

● Production of 

antimicrobial factors (i.e. 

bacteriocins, lactic acids) 

● Apical tightening of 

tight junctions 

● Synthesize vitamins (i.e. biotin, 

folate) 

  
● Immune system 

development 

● Ferment non-digestible dietary 

residues  

    ● Ion absorption 
 

  

Several studies have demonstrated that gut microbiota plays a key role in 

extracting energy from the diet and producing vitamins [245]. Germfree rats are known 

to require vitamin K in their diets, while conventional rats do not [246]. Likewise, 

germfree rats and animals of certain other species require diets in their diets certain B 

vitamins in higher concentration than those required by their conventional counterparts. 

These vitamins may derive predominantly from microorganisms residing in the colon 

epithelium [247]. Gut microbiome, which is the genome of our microbiota, encodes many 

metabolic functions that the host cannot perform itself. For instance, intestinal 

microbiota can process non-digestible diet components such as vegetable-derived 

polysaccharides. Recently, gut microbiota has been proposed as a factor responsible for 

the weight gain and altered energy metabolism that accompanies the obese state [248]. 

In murine models it was shown that the majority of the intestinal microbiota is based on 

two bacterial phyla (Bacteroidetes and Firmicutes) [249]. Obese mice had a higher 

proportion of Firmicutes to Bacteroidetes (50% greater) than lean mice, results that were 
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observed also in humans. This was explained because Firmicutes produce more 

complete metabolism of a given energy source than do Bacteroidetes, hence promoting 

more efficient absorption of calories. Interestingly, when germ-free mice were colonized 

with the intestinal microbiota from obese mice, an increase in the total body fat of the 

recipient mice was observed despite maintaining the diet [249].  

Beyond participating in the digestion and fermentation of food, the gut microbiota 

is also essential in the defence against opportunistic pathogens once they compete for 

nutrients and adhesions sites, some even actively eliminating competition by secreting 

antimicrobial peptides [250]. A stable microbiota together with mucus layer are essential 

to prevent pathogenic bacteria from causing host infections [251]. Absence of microbiota 

causes intestinal mucosal immunity underdevelopment and germ-free animals present 

smaller mesenteric lymph nodes and reduced numbers of immune cells such as IgA-

producing plasma cells, CD4+ T-cells and intraepithelial αβ T-cell receptor CD8+ cells, 

which results in a weakened capacity to fight off pathogenic bacteria [252]. Antibiotics 

disrupt the ecosystem in the gut of the young infant and could possibly augment the risk 

of autoinflammatory diseases later in life [253]. The indiscriminate depletion of 

commensal bacteria following antibiotic intake results in vacating niches, which can 

increase host vulnerability to excessive colonization by opportunistic pathogens and 

create dysbiosis [251].  

5 Gut Microbiota in Colorectal Cancer 

Colorectal cancer is essentially a genetic disease mainly caused by gradual 

accumulation of mutations in oncogenic genes that lead to non-controlled colonic 

epithelial cells proliferation [254]. It still remains unknown which specific events prompt 

the initiation and progression of the disease. In last decades growing attention has been 

given to the role of the microbiota in carcinogenesis. Indeed, microbes are thought to be 

involved in approximately 20% of cancers [255], specifically CRC [256]. Colonic mucosa 

is constantly exposed to the intestinal microbiota and its metabolites, which stimulate 

immune responses that have the potential to cause continuous inflammation. 

Interestingly, inflammation in the absence of the gut microbiota or microbial products is 

not sufficient to induce CRC [257].  
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In 1975, the first observation associating gut microbiota with colorectal cancer was 

reported, when germ-free rats developed less chemically induced colorectal tumoral 

lesions than conventional rats [258]. While gastric cancers seem to result from a single 

pathogen, different hypotheses have emerged to explain the role of bacteria in colorectal 

cancer development. On the one hand, CRC can be caused when a dysbiotic gut 

microbiota with pro-carcinogenic features is capable of remodelling the microbiome as 

a whole and drives pro-inflammatory responses that promotes carcinogenesis [254]. On 

the other hand, there is a “driver-passenger” theory in which intestinal bacteria “bacteria 

drivers”, initiate CRC by causing damage to epithelial DNA and tumorigenesis, thus 

promoting “passenger bacteria” proliferation that have growth advantage in the tumoral 

microenvironment (Figure 18) [259]. Nevertheless, the exact mechanisms that contribute 

to dysbiosis are not well understood, and it is still unknown if dysbiosis is a cause or a 

consequence of colorectal cancer.  

 

Figure 18. A bacterial driver-passenger model for colorectal cancer. Extracted from [259].  

Several research groups have focused their studies on sequencing the 16S rRNA of 

bacteria from intestinal mucosa or faeces and have reported that patients with CRC show 

colorectal dysbiosis (Table 6) [260–267]. Some bacterial species have been identified and 

are suspected to play a role in colorectal carcinogenesis. These species mainly include 

Helicobacter pylori, Streptococcus gallolyticus, Escherichia coli, Bacteroides fragilis, 

Enterococcus faecalis, Fusobacterium nucleatum, Peptostreptococcus stomatis, and 

Porphyromonas assacharolytica.   
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Streptococcus gallolyticus 

S. gallolyticus, formerly known as S. bovis, is a gram-positive bacterium and an 

opportunistic pathogen that can cause infections such as endocarditis or bacteremia in 

humans. In 1951 McCoy suggested an association between colorectal cancer and the 

presence of enterococcal endocarditis [268], which was later confirmed in 1974 by Keush 

et al, who reported that 64% of the S. gallolyticus endocarditis cases had gastrointestinal 

disease [269]. However, the extent and the basis of this relationship are not completely 

understood. More recently, Rusniok et al sequenced the S. gallolyticus genome and 

analysed the encoded proteins [270]. They found that this bacterial species synthetizes 

different biomolecules that assembly its capsule, collagen-binding proteins, and three 

types of pili, giving S. gallolyticus high efficiency to cause bacteremia, endocarditis, and 

colorectal cancer. The mechanisms through which this bacterium could cause 

carcinogenesis are not clear but three steps have been raised [271]: (1) specific adherence 

factors, such as collagen exposure in the tumour microenvironment may lead to 

increased S. gallolyticus colonization; (2) due to the altered nutritional status of the 

tumour microenvironment, this species may gain competitive growth advantage; and 

(3) upon colonization of premalignant tissue, S. gallolyticus may induce inflammatory or 

pro-carcinogenic pathways that increase the progression of CRC. These results suggest 

that patients infected with S. gallolyticus should undergo colonoscopic exploration as 

they might be at increased risk of CRC.   

Helicobacter pylori 

H. pylori is a gram-negative bacterium that colonizes the human gastric epithelium 

and causes infections to more than half of the adult population in the world throughout 

their lives [272]. It was classified as a human carcinogen by the International Agency for 

Research on Cancer in 1994 [273]. Helicobacter infection is usually diagnosed through 

histological detection in gastric biopsies, but stool antigen tests have been clinically 

accepted as a non-invasive alternative, which indicates that H. pylori also resides in the 

large intestine [274]. Intestinal pathologies induced by Helicobacter have not been 

established; however, there are some epidemiological studies conducted to examine if 

H. pylori infection can increase the risk of colorectal cancer development. A meta-
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analysis conducted between 1991 and 2002 reported a 1.4-fold increased risk of CRC in 

patients with H. pylori infection [275]. Recently, in a meta-analysis of 7679 Asian patients 

a statistical association between this bacterium and colorectal adenomas was reported, 

suggesting a tumorigenic role of H. pylori at an early stage of carcinogenesis [276]. 

Table 6. Summary of 16 rRNA pyrosequencing studies involving colorectal cancer (CRC) and control 

specimens addressing microbial community structure. 

 

Authors (year) 
Study 

subjects (n) 

Type of 

specimens 
Genus/Species 

Variation 

in CRC 

Sobhani et al 

(2011) 

Control 

(119), CRC 

(60) 

Stool Bacteroides, Prevotella ↑ 

Kostic et al 

(2012) 
CRC (95) 

Paired tissue 

(cancer, 

normal) 

Fusobacterium ↑ 

Bacteroides, Clostridia, 

Faecalibacterium 
↓ 

Chen et al 

(2012) 

Control (56), 

CRC (46) 

Stool, rectal 

swab, cancer 

tissue, 

adjacent 

normal 

mucosa 

Lactobacillales (tumour) ↑ 

Erysipelotrichaceae, 

Prevotellaceae, 

Coriobacteriaceae (stool) 

↑ 

Faecalibacterium (tumour) ↓ 

Wang et al 

(2012) 

Control (56), 

CRC (46) 
Stool 

Porphyromonas, 

Escherichia, Enterococcus, 

Streptococcus, 

Peptostreptococcus 

↑ 

Bacteroides, Roseburia, 

Alistipes, Eubacterium, 

Parasutterella 

↓ 

Ahn et al (2013) 
Control (94), 

CRC (47) 
Stool 

Fusobacterium, 

Porphyromonas 
↑ 

Clostridia ↓ 

Wu et al (2013) 
Control (20), 

CRC (19) 
Stool 

Bacteroides, 

Fusobacterium, 

Campylobacter 

↑ 

Faecalibacterium, 

Roseburia 
↓ 

Zeller et al 

(2014) 

Control (61), 

adenoma 

(42), CRC 

(53) 

Stool 

Fusobacterium nucleatum, 

Porphyromonas 

assaccharolytica, 

Peptostreptococcus 

stomatis 

↑ 

 

 



Scientific Background 

45 

 

Escherichia coli 

E. coli strains are aero-anaerobic gram-negative bacteria that reside in the healthy 

intestine [274]. The E. coli species can be classified into four phylotypes (A, B1, B2, and 

D). The majority of E. coli strains are commensal bacteria that coexist with their host and 

promote intestinal homeostasis. Nevertheless, phylotype B2 strains usually carry 

virulence genes that can often cause extraintestinal infections [277]. Several studies have 

observed that E. coli is frequently found attached to tumoral lesions and adjacent normal 

mucosa, usually accumulated in large amounts [278–280]. In 1998, Swidinski et al 

detected E. coli using PCR in 62% of adenoma and 77% of carcinoma biopsy specimen, 

compared to 12% from symptomatic patients, and 3% from asymptomatic subjects [278]. 

Another study observed that 66% of CRC biopsies were positive for E. coli strains, 

compared to 19% in the control group (patients with diverticulosis) [280]. E. coli of 

phylotype B2 has also shown to be cytotoxic in in vitro models, it also can induce double-

strand DNA breaks, and the presence of the pks gene enables the synthesis of a 

genotoxin called Colibactin, which gives it tumour-inducing properties [281].  

Bacteroides fragilis 

B. fragilis is an anaerobic bacterium that although it is detected in 80% of children 

and adults, it represents less than 1% of gut microbiota [282]. This bacterial species can 

be classified in two molecular subtypes, nontoxigenic and enterotoxigenic [283]. The 

later produces a metalloprotease named B. fragilis toxin (BFT), which is the only B. fragilis 

virulence factor known until now [254]. This enterotoxin alters the colonic epithelial cells 

structure and function increasing colonic permeability, which is an early 

pathophysiologic change related with initial CRC tumorigenesis [284]. A study 

conducted by Toprak et al reported that 38% of stool samples from CRC patients were 

positive to BFT gene, whereas only 12% of those from control subjects were positive, 

indicating the association between B. fragilis and CRC [285].   

Fusobacterium nucleatum 

F. nucleatum is one of the most prevalent species in the oral cavity, and it has been 

associated with oral inflammation diseases [286]. Moreover, it has also been related to 
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pancreatic and oral cancer, liver abscess, appendicitis and other infections [287–289]. 

Metagenomic analyses, transcriptome sequencing and bacterial 16S rRNA gene DNA 

sequencing have shown enrichment of Fusobacterium species in colorectal cancer relative 

to surrounding tissues [290]. Recently, this bacterial species has been considered to be a 

potential initiator of CRC susceptibility. In 2013, Kostic et al confirmed that F. nucleatum 

is capable of promoting colorectal tumorigenesis in APCmin/+ mice [290]. Another study, 

reported that it also stimulates tumour cell growth in CRC through β-catenin signalling 

and it can activate oncogenes via the FadA adhesion virulence factor [291]. Viljoen et al 

identified significant associations between high colonization by F. nucleatum and CRC at 

stages II-IV and it was associated with tumoral microsatellite instability [292]. 

Salmonella enterica 

S. enterica is a gram-negative and facultative anaerobe that acts as an intracellular 

pathogen in humans and animals [293]. Salmonella infection is mainly caused through 

the ingestion of contaminated food such as eggs and meat [294]. This infection can result 

in mild self-limiting gastroenteritis or even severe systemic infection that can be fatal. 

Salmonella species secrete effector proteins into host cells that activate AKT and ERK 

pathways, which are also activated in many cancers, and are essential for transforming 

pre-transformed cells [295]. AvrA is another Salmonella effector that activates host 

β-catenin signalling and has been observed to induce colorectal tumorigenesis in mice 

[296]. A recent study performed in two different populations in the USA and the 

Netherlands, reported that colorectal cancer and pre-cancer cases had increased 

amounts of antibody against Salmonella flagellin when compared to controls [297]. These 

results support a possible association between Salmonella and CRC.  

Enterococcus faecalis 

E. faecalis is a gram-positive facultative anaerobic bacterium that belongs to the 

lactic acid bacteria [298]. It is the most prevalent cultured strain among the enterococci 

found in human faeces (105-107 CFU). The role of E. faecalis in colorectal cancer is 

controversial since some studies suggest a protective role in CRC while others have 

observed pathogenic activity. For instance, Grootaert et al co-cultivated HTC-116 (an 

aggressive CRC lineage), with E. faecalis obtaining a downregulation in the expression 
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of the FIAF gene (angiopoietin-like protein 4), which is normally related to the 

development of some cancer types [299]. Another study conducted by Wang et al 

showed that exposure of murine primary colon epithelial cells to E. faecalis-infected 

macrophages activated their Wnt/β-catenin signalling, thus inducing pluripotent 

transcription factors associated with dedifferentiation [300]. In consequence, colon 

epithelial cells were reprogrammed, which suggested a role of these bacteria in inducing 

CRC. E. faecalis harmful role has also been suggested because it is able to produce ROS 

and extracellular superoxide that can cause genomic instability, damaging colonic DNA, 

which can predispose the host to mutations and thus cancer [301]. 

5.1 Potential use of gut microbiota as a non-invasive tool for CRC 

screening 

Sporadic colorectal cancer shows a slow progression from detectable precancerous 

lesions, thus the prognosis for patients with early stages of CRC is encouraging. As 

stated before, the most robust methods for the detection of colorectal tumoral lesions are 

endoscopic tests; however, these methods are invasive and costly. The alternative to 

colonoscopies are tests that are patient-friendly, but they suffer from lack of sensitivity 

and specificity. These data highlight the necessity to develop CRC-screening methods 

with higher sensitivity and specificity that enhance the chances of a cure. Intestinal 

microbiota has not only beneficial functions for the host, but also there is evidence that 

suggest that it plays an important role in tumorigenesis. Hence, stool gut microbes could 

be used as a non-invasive tool for CRC screening.  

Several research groups have reported an imbalance in the gut microbiota of CRC 

patients, which suggests that it could be used as a potential non-invasive tool for CRC 

screening [267,302–305]. In 2014, Zackular et al characterized the faecal gut microbiome 

from healthy controls (30), and adenoma (30) and carcinoma (30) patients, in order to 

establish a classification model [302]. They observed that patients with tumoral lesions 

had enrichment and depletion of several bacterial populations. The combination of 

known clinical CRC risk factors (i.e. age, ethnicity, BMI) with gut microbiota data 

improved the ability to differentiate between healthy, adenoma and carcinoma patients 

relative to risk factors alone, with an accuracy of 0.798 AUC for predicting CRC. The 
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same year, Zeller et al used metagenomic sequencing of faecal samples to identify 

taxonomic markers that distinguished healthy controls (61) from CRC patients (53) [267]. 

When the metagenomic classifier was compared to the standard faecal occult blood test 

(FOBT) accuracy values were similar and when both approaches were combined 

sensitivity improved greater than 45% relative to FOBT alone, while specificity values 

were maintained. Recently, Ai et al evaluated the effectiveness of different machine-

learning models in predicting CRC analysing the intestinal microbiota in faeces [303]. 

Bayes Net was the model with the highest accuracy, showing the lowest false negative 

rate. As reported in the study conducted by Zeller et al, gut microbiota (0.93 AUC) was 

more accurate than FOBT alone, results that were improved when both approaches were 

combined. Although a clear association between CRC and gut microbiota was 

demonstrated in these studies, no common stool bacterial markers were identified.  

Shae et al decided to re-analyse raw sequence and metadata from several studies 

uniformly, in order to identify a composite and generalisable microbial marker for CRC 

[304]. Results from 9 studies were processed with a total of 509 samples (235 healthy 

controls, 79 adenomas, and 195 CRC) analysed. They highlighted that Parvimonas micra 

ATCC 33270, Streptococcus anginosus, Parabacteroides distasonis and other uncultured 

members of Proteobacteria were increased in stools from patients with CRC compared 

with controls across studies and had high discriminatory capacity in diagnostic 

classification. Likewise, Amitay et al performed a systematic review of 19 studies and 

examined the differences in the faecal microbial population from healthy controls and 

from adenoma or CRC patients [305], aiming to create stool multi-bacterial models for 

early detection of adenomas and CRC. The authors concluded that further studies 

should focus on developing unified documented and reproducible protocols for 

studying the human faecal gut microbiota in order to develop new non-invasive 

approaches that can complement the current methods used for CRC early detection.  

Another tool that has been explored to detect colorectal tumoral lesions is the 

faecal metabolome, as with it a unique metabolic fingerprint to diagnose CRC could be 

obtained. However, until now there are only a few studies that analyse the potential of 

faecal bacterial metabolome for CRC screening (Table 7).  
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The increasing interest in studying the differences of specific bacterial species 

between CRC patients and healthy subjects demonstrates the potential that researchers 

visualize in the use of the intestinal microbiota as a non-invasive tool for the early 

detection of colorectal carcinogenesis. Currently, one of the most commonly methods 

used for this purpose is the faecal immunochemical test (FIT). As stated in former 

sections, this test shows a sensitivity value around 80% and a specificity around 90% for 

the detection of CRC. However, in terms of precancerous lesions the sensitivity value is 

reduced until less than a 30%. Therefore, it is necessary to develop new methods capable 

of detecting not only CRC, but also advanced neoplasia (CRC + advanced adenomas), 

with greater accuracy values than those obtained with tools used in the current screening 

organized programs. Hence, intestinal microbiota is postulated as a potential alternative 

to the prevailing methods.  

Table 7. Summary of studies in CRC faecal metabolic profiling. Adapted from [306]. 

Authors 

[ref] 

Study 

subjects (n) 

Type of 

specimens 
Study observations 

Bezabeh et 

al [307] 

Controls (412) 

CRC (111) 

Aqueous 

dispersion of 

stools 

Potential to detect colorectal neoplasia 

Monleón et 

al [308] 

Controls (11) 

CRC (21) 

Faecal water 

extract 

Reproducible and effective method for 

detecting CRC markers. SCFA (↓) (acetate, 

butyrate) appears to be the most effective 

marker in CRC 

Weir et al 

[309] 

Controls (10) 

CRC (11) 

Lyophilized 

human faeces 

Butyric acid, linoleic acid, glycerol (↓) 

Secondary bile acid (↓) associated with (↓) 

Ruminococcus spp.  

Leucine, valine, acetic acid, valeric acid, 

isobutyric acid, isovaleric acid (↑) 

A. muciniphila (↑) associated with proline, 

serine, threonine (↑) 

Goedert et 

al [310] 

Controls (102) 

CRC (48) 

Lyophilized 

human faeces 

41 metabolites significantly associated 

with CRC  

Xenobiotics (↓)  

Heme, peptides/amino acids, vitamins, 

co-factors (↓) 

Other CRC associated molecules 

Phua et al 

[311] 

Controls (10) 

CRC (11) 

Lyophilized 

human faeces 

Fructose, linoleic acid, and nicotinic acid 

(↓) in CRC stools 
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Authors 

[ref] 

Study 

subjects (n) 

Type of 

specimens 
Study observations 

Batty et al 

[312] 

Controls with 

positive FOBT 

(31) 

CRC (31) 

Human faeces 

Discrimination of CRC samples with better 

specificity and sensitivity than FOBT 

Ammonia, sulphides, acetaldehyde (↓) 

Sinha et al 

[313] 

Controls (89) 

CRC (42) 

Lyophilized 

human faeces 

Microbe-metabolite correlation in CRC: 

Clostridia, Lachnospiraceae, p-

aminobenzoate and conjugated linoleate 

(↑) 

 

5.2 Potential use of gut microbiota in Lynch Syndrome surveillance 

The vast majority of gut microbiota studies conducted with colorectal cancer 

patients are focused on the study of the intestinal bacteria of sporadic CRC. In fact, there 

are no published research papers that analyse the gut microbiota of Lynch syndrome 

(LS) carriers. There is only an abstract written in 2017 by Lu et al, where possible 

interactions between gut microbiota and LS carriers were analysed [314]. Parallelly, the 

Memorial Sloan Kettering Cancer Centre is performing a clinical trial with the objective 

to perform a metagenomic analysis of the intestinal microbiota of LS carriers and other 

hereditary colonic syndromes, but it is still in the recruitment process [315].  

LS carriers undergo periodic endoscopic surveillance, which is necessary for early 

detection of neoplastic lesions in these patients. However, colonoscopies require bowel 

preparation and sedation, can cause intestinal perforation, are time consuming and have 

high associated costs; aspects that cause low acceptance among LS carriers. If there was 

a non-invasive tool capable of detecting those LS carriers with no colorectal lesions, the 

intervals between endoscopic examinations could be expanded, thus improving their 

quality of life and reducing colonoscopy-associated costs. The study of the gut 

microbiota of LS carriers would allow to determine if there are differences with that of 

those subjects that develop CRC sporadically and healthy controls. Moreover, it would 

be useful to define a faecal bacterial signature that indicated the presence of colorectal 

tumoral lesions, which could be used for LS carriers’ surveillance.
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The main objective of this thesis is to develop a novel non-invasive tool based on 

faecal bacterial markers for CRC screening, able to detect precancerous lesions before 

the appearance of clinical signs. The secondary objective of the thesis is to define a faecal 

bacterial signature which enables the prediction of the absence of neoplastic lesions in 

Lynch syndrome carriers in order to improve their surveillance. To address these 

challenges, faecal DNA extraction, quantitative polymerase chain reaction of specific 

bacterial species, and Machine Learning technology have been used. The results are 

organized into three chapters, which present the following specific aims: 

Chapter 1. To develop a potential new non-invasive CRC-screening tool based on 

faecal bacterial markers capable of complementing FIT (RAID-CRC) in a symptomatic 

population, in order to assess the risk of intestinal disease, in particular advanced 

neoplasia (advanced adenomas + CRC).  

Chapter 2. To clinically validate a new non-invasive tool for CRC-screening based 

on faecal bacterial signatures (RAID-CRC Screen) capable of decreasing FIT false-

positive rate in FIT-positive population.  

Chapter 3. To compare a specific faecal bacterial signature of sporadic CRC and 

IBD patients to that of Lynch syndrome (LS) carriers; and develop a non-invasive tool 

based on this signature that enables the prediction of the absence of neoplasia in LS 

carriers (RAID-LS). 

 

 

 

 

 

 

 

 



 

54 

 

 



 

55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Methodology 
 

 

 

 

 

 

 

 

 

 

3 



 

56 

 

 



Methodology 

57 

 

1 Patients and data sampling 

Participants were recruited from four hospitals: Hospital Universitari de Girona 

Dr. Josep Trueta – Institut d’Assistència Sanitària Consortium (Girona and Salt, Spain), 

Hospital Universitari de Bellvitge (l’Hospitalet de Llobregat, Spain), Consorci 

Hospitalari de Vic (Vic, Spain), and Complexo Hospitalario de Ourense (Ourense, 

Spain). Enrolled subjects can be classified in three main groups: (1) participants of the 

Catalan CRC screening program (asymptomatic, FIT positive, 50-69 years); (2) 

individuals with symptomatology compatible with CRC (blood in stool, significant 

weight loss, abdominal pain, inexplicable tiredness, changes in bowel habits); and (3) 

Lynch syndrome carriers. The first were recruited in Girona, Bellvitge and Vic; the 

second in Ourense, Girona and Bellvitge; and the third in Girona and Bellvitge (Figure 

19). 

All subjects underwent colonoscopy in order to determine their colorectal status. 

According to the endoscopic examination and the pathology results, diagnosis was 

classified into four groups: normal colonoscopy (colonoscopy with no findings or with 

sigma and/or rectum hyperplastic polyps <10 mm), non-advanced adenomas (tubular 

adenomas <10 mm with low grade dysplasia, and serrated polyps <10 mm without 

dysplasia), advanced adenomas (adenomas >10 mm or with villous component or high 

grade dysplasia, serrated polyps >10 mm or with dysplasia, and pTis adenocarcinoma) 

and invasive CRC.  

Participants were kindly asked to collect a stool sample from one bowel movement 

in a sterile faeces’ container before colonoscopy and prior to bowel cleanse. Samples 

were immediately frozen after deposition. Then, subjects brought samples to the 

hospital, where they were kept frozen at -20 ºC for short-term storage and stored 

at -80 ºC upon arrival at the GoodGut S.L. facilities in Girona (Spain). The day of the 

colonoscopy subjects were also asked to answer a questionnaire on clinical data (i.e. age, 

gender, ethnicity, diseases, medication, familiar CRC background).  
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Figure 19. Distribution of the patients recruited in the studies of this thesis according to their enrolment 

group (screening, symptomatic, Lynch). Chapters in which each group was used are also exposed. P, 

participants; * subjects used as control group (no Lynch syndrome carriers) in Chapter 3 and in the proof-of-

concept in Chapter 2 (only screening subjects).  

2 Faecal DNA extraction and quantification 

Stool samples were thawed for two hours. Genomic DNA was extracted from 

frozen faecal samples after homogenization using the NucleoSpin Soil Kit (Macherey-

Nagel GMbH & Co., Duren, Germany). The instructions of manufacturer were followed, 

DNA was finally eluted in a 100 µl final volume of SE Elution Buffer and stored at -20 ºC 

until use. DNA concentration was determined with Qubit fluorometric quantification 

(ThermoFisher Scientific, Waltham, USA). All samples were adjusted to a final 

concentration of 8 ng/µL except for samples of the clinical validation in Chapter 2, which 

were directly analysed by qPCR after DNA extraction and the total bacterial load was 

used to normalize data.  

3 Bacterial markers quantification through qPCR 

Fourteen bacterial markers were targeted in the different studies included in this 

thesis. Eubacteria (EUB) was quantified as the total bacterial load; B10 (best match 

BLAST Faecalibacterium prauznitzii), B46 (best match BLAST Subdoligranulum variabile), 

B48 (best match BLAST Ruminococcus, Roseburia, Coprococcus), Faecalibacterium prausnitzii 
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(FPRA), F. prausnitzii phylogroup I (PHGI), F. prausnitzii phylogroup II (PHGII), and 

Roseburia intestinalis (RSBI) as butyrate-producing bacteria; Escherichia coli (ECO) as 

proinflammatory species; Gemella morbillorum (GMLL), Peptostreptococcus stomatis 

(PTST), and Bacteroides fragilis (BCTF) as opportunistic pathogens usually found in the 

oral cavity or in the bowel of mammals; Collinsella intestinalis (CINT) as a hydrogen and 

ethanol producer specific biomarker; and Bacteroides thetaiotaomicron (BCTT) as a 

saccharolytic species. B10, B46, B48, GMLL, PTST, BCTF, BCTT, and RSBI are associated 

with colorectal cancer; while FPRA, ECO, PHGI, and PHGII have been linked to 

inflammatory bowel disease.  

Quantification of CRC-specific biomarkers was performed by preparing specific 

reactions for each biomarker using SYBR Green Master Mix (Promega, Madison, USA). 

Each reaction consisted of 20 µl containing 1× GoTaq qPCR Master Mix, between 150 nM 

and 300 nM of each primer, and up to 20 ng of genomic DNA template (Table 8). In terms 

of IBD-specific bacterial markers, quantification was performed by preparing single 

reaction for each biomarker using Probe Master Mix (Promega, Madison, USA). Each 

reaction consisted of 20 µl containing 1x GoTaq qPCR Master Mix, between 300 nM and 

900 nM of each primer, between 150 nM and 300 nM of probe, and up to 20 ng of genomic 

DNA template. The species-specific primers were purchased at Macrogen (Macrogen, 

Seoul, South Korea). All quantitative PCR were run on an AriaMx Realtime PCR System 

(Agilent Technologies, Santa Clara, USA). Thermal profiles were different according to 

the biomarker analysed (Table 9). A melting curve step was added to the end of each 

qPCR to verify the presence of the expected amplicon size as well as to control primer 

dimmer formation. Data were collected and analysed with the Aria Software version 1.3 

(Agilent Technologies, Santa Clara, USA). All samples were amplified in duplicates, 

which were considered valid when the difference between threshold cycles (Ct) was less 

than 0.6. A No-template control reaction and standards (107-103 genomic copies/µL) were 

included in each PCR run. 
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Table 8. Forward and reverse primers, and probes used in this work. EUB, Eubacteria; GMLL, G. morbillorum; 

PTST, P. stomatis; BCTF, B. fragilis; CINT, C. intestinalis; BCTT, B. thetaiotaomicron; RSBI, R. intestinalis; FPRA, 

F. prausnitzii, ECO, E. coli, PHGI, F. prausnitzii phylogroup I, PHGII, F. prausnitzii phylogroup II; F, Forward 

primer; R, Reverse primer; PR, probe. All probes were 5’-labelled with FAM (6-carboxyfluorescin) as the 

reporter dye. TAMRA was used as quencher dye at the 3’-end for FPRA and ECO probes, whereas BHQ1 was 

used for PHGI and PHGII. 

Target 
Primers 

/ Probe 
Sequence 5’ → 3’ 

Primer/Probe 

concentration 
Ref 

EUB 
EUB_F ACT CCT ACG GGA GGC AGC AGT 

200 nM 
modified 

[316]  EUB_R GTA TTA CCG CGG CTG CTG GCA C 

B10 
B10_F CAA CAA GGT AAG TGA CGG C 

300 nM [317,318] 
B10_R CGC CTA CCT GTG CAC TAC TC 

B46 
B46_F TCC ACG TAA GTC ACA AGC G 

300 nM [317,318] 
B46_R CGC CTA CCT GTG CAC TAC TC 

B48 
B48_F GTA CGG GGA GCA GCA GTG 

300 nM [317,318] 
B48_R GAC ACT CTA GAT GCA CAG TTT CC 

GMLL 

GMLL_F AAG AGT TCC AAG GCG TTC TC 

150 nM 
This 

study GMLL_R 
CCA TTT CAA GAT CCG CTT TCT 

ATT T 

PTST 
PTST_F AGG TTG ATG CTC TGA GTA GTA G 

150 nM 
This 

study PTST_R ATG AAT ACT AGC CTC TCC TCT TT 

BCTF 
BCTF_F TGA AAG CGT GCT CTT ACT ATT G 

150 nM 
This 

study BCFT_R TAT TGG CTG TTG TGC TTT GT 

CINT 
CINT_F GAC CAT CAT GAA CTC TTC CTC 

150 nM 
This 

study CINT_R CCG TTG CCT TCC AGT TC 

BCTT 
BCTT_F AGT GAC CTG AAA GAA TCC TAA T 

150 nM 
This 

study BCTT_R GAC CGT CAA TAC CGA GAA AC 

RSBI 
RSBI_F GTG CCA GTA ACA GTC CAT ATT 

150 nM 
This 

study RSBI_R TAG CAA AGC AGA GTG GAA AG 

FPRA 

FPRA_F 

FPRA_R 

TGT AAA CTC CTG TTG TTG AGG 

AAG ATA A 

GCG CTC CCT TTA CAC CCA 

300 nM 

300 nM 
[319] 

FPRA_PR 
6FAM-CAA GGA AGT GAC GGC TAA 

CTA CGT GCC AG-TAMRA 
250 nM 

ECO 

ECO_F 

ECO_R 

CAT GCC GCG TGT ATG AAG AA 

CGG GTA ACG TCA ATG AGC AAA 

300 nM 

300 nM 
[320] 

ECO_PR 
6FAM-TAT TAA CTT TTA CTC CCT 

TCC TCC CCG CTG AA-TAMRA 
100 nM 

PHGI 

& 

PHGII 

PHG_F 

PHG_R 

PHGI_PR 

CTC AAA GAG GGG GAC AAC AGT T 

GCC ATC TCA AAG CGG ATT G 

6FAM-TAA GCC ACG ACC CGG CAT 

CG-BHQ1 

900 nM 

900 nM 

300 nM 

[321] 
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Table 9. qPCR conditions. EUB, Eubacteria; GMLL, G. morbillorum; PTST, P. stomatis; BCTF, B. fragilis; CINT, C. 

intestinalis; BCTT, B. thetaiotaomicron; RSBI, R. intestinalis; FPRA, F. prausnitzii; ECO, E. coli; PHGI, F. prausnitzii 

phylogroup I; PHGII, F. prausnitzii phylogroup II; NA, non-applicable.  

Bacterial 

markers 

Total 

cycles 

Denaturing 
Annealing and 

Extension 
Melting curve 

Tª (ºC) 
Time 

(min) 
Tª (ºC) 

Time 

(min) 
Tª (ºC) 

Time 

(min) 

EUB 40 95 10:00 
95 

54 

00:15 

01:00 

95 

55 

95 

01:00 

00:30 

00:30 

B10, B46, B48 40 95 10:00 
95 

62 

00:15 

00:45 

95 

55 

95 

01:00 

00:30 

00:30 

GMLL, PTST, 

CINT, BCTT, 

RSBI 

40 95 10:00 
95 

60 

00:15 

01:00 

95 

55 

95 

01:00 

00:30 

00:30 

BCTF 40 95 10:00 

95 

55 

72 

00:15 

00:30 

01:00 

95 

55 

95 

01:00 

00:30 

00:30 

FPRA, ECO 40 
50 

95 

02:00 

10:00 

95 

60 

00:15 

01:00 
NA NA 

PHGI, PHGII 40 
50 

95 

02:00 

10:00 

95 

64 

00:15 

01:00 
NA NA 

 

4 Statistical Analysis 

In terms of qualitative analysis, absence of biomarker was considered if the 

obtained Ct value was not comprised within its dynamic range. All statistical analyses 

were performed using SPSS 23.0 statistical package (IBM, NYC, USA). Significance levels 

were established for P values ≤ 0.05. 

Data normality was assessed through the Kolmogorov-Smirnov test. The non-

parametric Kruskal-Wallis test was used to test differences in variables with more than 

two categories. Pairwise comparisons of subcategories of these variables were analysed 

using a Mann-Whitney test. The Bonferroni correction was used to correct for multiple 

comparisons. All comparisons using bacterial markers were performed between the 

relative abundances, which were normalized by the dynamic range of each bacterial 

marker. 

The receiver operating characteristic (ROC) curve analysis was applied to 

determine the usefulness of each biomarker to distinguish among different colonic 
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neoplasia status. The accuracy of discrimination was measured by the area under the 

ROC curve (AUC).  

Sensitivity, specificity, positive and negative predictive values of the designed 

algorithms were calculated using the software Epidat 3.1 (SERGAS, Xunta de Galicia, 

Spain). 
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Chapter 1 Reduction of faecal immunochemical test false-

positives results using a signature based on faecal bacterial markers in a 

symptomatic population 
Reduction of faecal immunochemical test false-positives 

results using a signature based on faecal bacterial markers 

in a symptomatic population 
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1 Background 

Colorectal cancer is the third most common cancer in men and the second in 

women worldwide and a leading cause of cancer mortality. Around 75% of CRC are 

sporadic and they usually develop without symptomatology. Guidelines recommend 

routine screening for CRC in asymptomatic adults starting at age 50. Some countries are 

already implementing CRC screening politics in order to detect lesions at an early stage 

by using non-invasive tools. One of the most common tools is the faecal 

immunochemical test (FIT). Despite affordability, this test shows low sensitivity (29%) 

and a low positive predictive value (8%) for the detection of precancerous lesions. These 

values produce a high rate of false positive results among screening population. Experts 

from the United European Gastroenterology (UEG) are calling on European 

governments to focus their efforts on developing new, non-invasive, early diagnosis 

techniques able to complement the existing ones, thus saving thousands of lives from 

digestive cancers, and reducing the number of unnecessary colonoscopies due to the 

high false-positive rate.  

Recently, it has been proved that bacterial communities in the intestinal mucosa of 

CRC patients are different from those of healthy individuals. In fact, evidences suggest 

that gut microbiota may play an important role in CRC pathogenesis. In 2012, Mas de 

Xaxars et al performed a preliminary and prospective study with 60 individuals (41 CRC 

patients and 19 patients with normal colonoscopy), in which a bacterial cluster highly 

correlated with CRC was defined using mucosal biopsies. Based on these results, a 

quantitative polymerase chain reaction system (qPCR) specifically targeted to those 

bacterial markers which make up the found bacterial signature was designed. Bacterial 

markers detection was later tested on stool samples (7 from healthy controls and 9 from 

CRC patients) looking for different abundances to check which one was suitable to be 

used as a non-invasive tool for CRC screening. A retrospective clinical study including 

46 patients of the Hospital Universitari de Girona Dr. Josep Trueta (Girona, Spain) 

confirmed the suitability of some bacterial species as CRC markers (Table 10).  
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Table 10. Results obtained by Mas de Xaxars et al. A set of specific phylotypes determined in intestinal biopsy 

from CRC patients presented a high relatedness with CRC risk. Four of these bacterial markers (B3, B10, B46, 

B48) were quantified in faecal samples of healthy individuals (C=19) and patients with CRC (CRC=27). Results 

are expressed in Cts. Statistically significative p-values > 0.05. C, control; CRC, colorectal cancer.  

  B3 B10 B46 B48 

Mean ± SD 
CRC 25.64 ± 3.97 16.13 ± 3.57 22.87 ± 3.45 20.16 ± 2.89 

C 22.47 ± 1.95 14.12 ± 1.96 20.58 ± 1.93 17.98 ± 1.52 

p-value (t-test) C vs. CRC 0.038 0.049 0.021 0.019 

C vs. CRC 

AUC 0.700 0.690 0.698 0.690 

Sensitivity 48.0% 57.0% 61.5% 36.0% 

Specificity 94.0% 89.5% 84.0% 100.0% 

 

In this chapter a potential new non-invasive CRC-screening tool based on faecal 

bacterial markers capable of complementing FIT is developed in a symptomatic 

population, in order to assess the risk of intestinal disease, in particular advanced 

neoplasia (advanced adenomas + CRC).  

2 Experimental Design 

A cohort consisting of 333 consecutive patients with CRC-related symptoms 

referred for a diagnostic colonoscopy from primary and secondary health care to 

Complexo Hospitalario de Ourense (Ourense, Spain) was recruited (Table 11). Exclusion 

criteria were: (1) asymptomatic subjects undergoing colonoscopy for CRC screening, (2) 

patients with a previous history of colonic disease undergoing surveillance colonoscopy, 

(3) patients requiring hospital admission, (4) patients whose symptoms had ceased 

within 3 months before evaluation, and (5) patients who had received antibiotic 

treatment within the last month prior to inclusion. The study protocol was approved by 

the Biobanco del Complexo Hospitalario Universitario de Vigo (Vigo, Spain). Written 

informed consent was obtained from all study patients.  
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Table 11. Patients characteristics classified according to colonoscopy diagnostic. Hb, haemoglobin; FIT20 (20 

µg Hb/f of faeces); CRC, colorectal cancer; AA, advanced adenoma; NAA, non-advanced adenoma; NC, 

normal colonoscopy.  

Characteristics CRC AA NAA NC 

n (%) 48 (14.4) 30 (9.0) 88 (26.4) 167 (50.2) 

Age (mean, range) 73 (53-91) 65 (44-83) 67 (37-89) 61 (20-87) 

Sex, female (%) 17 (10.0) 15 (8.8) 32 (18.8) 106 (62.4) 

FIT100 (%) 47 (97.9) 18 (60.0) 30 (34.1) 21 (12.6) 

All subjects underwent colonoscopy in order to determine their colorectal status. 

According to the endoscopic examination and the pathology results, subjects were 

classified into four groups as indicated in section 3.1 (Patients data and sampling). 

Patients diagnosed with CRC were also classified according to the stage of the tumour 

(Table 12). Individuals were also asked to answer a questionnaire in order to record 

clinical and epidemiologic data.  

Table 12. Patients with colorectal cancer according to tumour TNM stage. CRC, colorectal cancer. 

CRC stage n (%) 

0 3 

I 6 

II 10 

III 21 

IV 8 

 

Participants provided a stool sample from one bowel movement before 

colonoscopy and prior to bowel cleanse. Genomic DNA was extracted from frozen 

samples and its concentration was determined by fluorimetry. After having adjusted 

DNA concentration to 8 ng/µl qPCR assays were performed. In this chapter, ten specific 

bacterial sequences associated with CRC were targeted: Eubacteria (EUB) as the total 

bacterial load; B10 (best match BLAST Faecalibacterium prausnitzii), B46 (best match 

BLAST Subdoligranulum variabile), B48 (best match BLAST Ruminococcus, Roseburia, 

Coprococcus), and Roseburia intestinalis (RSBI) as butyrate-producing bacteria biomarkers; 

Gemella morbillorum (GMLL), Peptostreptococcus stomatis (PTST), and Bacteroides fragilis 
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(BCTF) as opportunistic pathogens usually found in the oral cavity or in the bowel of 

mammals; Collinsella intestinalis (CINT) as a hydrogen and ethanol producer specific 

biomarker; and Bacteroides thetaiotaomicron (BCTT) as a saccharolytic species. The 

species-specific primers used in this study are shown in Table 8 and the thermal profiles 

were different according to the analysed biomarker (Table 9).  

FIT analysis was performed at Complexo Universitario de Ourense employing the 

same sample used in the CRC-specific biomarkers analysis. Stool samples for faecal 

haemoglobin determination were analysed using the OC-Sensor tube collector and the 

assay was performed using the automated OC-Sensor, which detects gastrointestinal 

bleeding associated with disorders such as CRC, polyps and diverticulitis (Eiken 

Chemical Co., Tokyo, Japan). Positive tests were those with a concentration of faecal 

haemoglobin equal or higher than 20 µg Hb/g of faeces (FIT20). 

Those bacterial markers which in combination were capable of distinguishing 

subjects with advanced neoplasia lesions from those with normal colonoscopy or non-

advanced adenomas were used to design a decision tree algorithm, which was tested by 

Machine Learning. The specific methodology consisted of an initial training iteration on 

100 aleatory partitions of the dataset and a further validation of the predictive models 

generated using 4 different machine learning algorithms (neural network, logistic 

regression, gradient boosting tree, random forest). RAID-CRC algorithm was eventually 

designed using four of the bacterial markers analysed together with FIT results. 

3 Results 

3.1 Faeces biomarkers in neoplasia progression 

The relative abundance of each bacterial marker was determined for each 

diagnostic (normal colonoscopy, non-advanced adenoma, advanced adenoma, CRC) 

(Figure 20). Regardless of the colonoscopy diagnosis, three different butyrate producing 

species (B10, B46, and B48) were the most prevalent biomarkers with relative abundance 

values of 20.4%, 19.0%, and 20.0%, respectively. GMLL and PTST were significantly 

more abundant in CRC population than in normal colonoscopy individuals (p=0.006 and 

p<0.001, respectively) or non-advanced adenoma subjects (p=0.047 and p<0.001, 
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respectively). Although with no significant differences, it could be observed a tendency 

of B46, being more abundant in CRC patients rather than in subjects with advanced 

adenomas (p=0.087). Interestingly, EUB abundance was maintained constant regardless 

of neoplasia status. Comparison among the different CRC stages (0, I, II, III, and IV) did 

not show significant differences in the abundance of any bacterial marker.  

 

Figure 20. Relative abundance in percentage of the analysed bacterial markers (B10, B46, B48, G. morbillorum 

(GMLL), P. stomatis (PTST), B. fragilis (BCTF), C. intestinalis (CINT), B. thetaiotaomicron (BCTT) and R. intestinalis 

(RSBI)); for subjects with normal colonoscopy (NC), non-advanced adenoma (NAA), advanced adenoma (AA), 

and colorectal cancer (CRC).  

3.2 CRC specific biomarkers can detect advanced neoplasia lesions 

The relative abundance of bacterial markers was compared after grouping subjects 

as follows: (1) normal colonoscopy, (2) neoplasia (non-advanced adenoma + advanced 

adenoma + CRC), (3) advanced neoplasia (advanced adenoma + CRC), and (4) CRC 

(Figure 21). PTST was found to be highly correlated with neoplasia lesions (p<0.001). 

Regarding the detection of advanced neoplasia lesions, GMLL, PTST, and BCTF were 

potential biomarkers for their detection (p=0.006, p<0.001, and p=0.030, respectively). In 

terms of prevalence, these three opportunistic pathogens were found more often in 

patients with advanced neoplasia (GMLL, 64.9%; PTST, 58.4%; and BCTF, 44.7%) than 

in healthy subjects (GMLL, 53.5%; PTST, 26.1%; and BCTF, 29.8%).  
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Figure 21. Comparison of the biomarkers’ abundances among different diagnostics. NC, normal colonoscopy; 

neoplasia, non-advanced adenoma + advanced adenoma + colorectal cancer; advanced neoplasia, advanced 

adenoma + colorectal cancer; CRC, colorectal cancer. Level of significance: * when p-value < 0.05, ** when 

p-value < 0.01, and *** when p-value < 0.001. 

3.3 Combination of CRC bacterial markers and FIT allows a substantial 

reduction of false positive results 

One the one hand, when FIT20 was used, significant differences were observed 

between subjects with normal colonoscopies or non-advanced adenomas and advanced 

neoplasia (p<0.001). A 17.1% (19) of the subjects who showed a normal colonoscopy and 

a 24.3% (27) of those who had non-advanced adenomas showed FIT positive values. 

These results led to obtain a sensitivity and specificity of 84% and 81%, respectively, and 

positive and negative predictive values of 59% and 94%, respectively (AUC=0.828, 95% 

CI (0.773-0.883)) for the detection of advanced neoplasia. On the other hand, when FIT10 

(10 µg Hb/g of faeces) was used, a 21.1% (27) of the subjects who showed normal 

colonoscopy and a 24.2% (31) of those who had non-advanced adenomas showed a false-

positive result. FIT10 let to obtain a sensitivity and specificity of 91% and 76%, 

respectively, and positive and negative predictive values of 55% and 96%, respectively 

(AUC=0.836, 95% CI (0.787-0.886)) for the detection of advanced neoplasia. Sensitivity 
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values for bacterial markers alone were much lower being 39% for GMLL (AUC=0.622, 

95% CI (0.541-0.694)), 53% for PTST (AUC=0.710, 95% CI (0.628-0.776) and 33% for BCTF 

(AUC=0.571, 95% CI (0.499-0.656)), while specificity values were comparable. 

FIT results, both FIT20 and FIT10, were combined with the faecal bacterial markers 

in order to know which offered higher performance in terms of sensitivity and specificity 

values for the detection of advanced neoplasia lesions. The combination of the bacterial 

markers and FIT20 led to obtain a sensitivity of 76% and a specificity of 91% (Table 13). 

Nevertheless, these results were slightly improved by FIT10 as it showed a 4% higher 

sensitivity for the detection of advanced neoplasia, which therefore was the cut-off value 

of choice. Thus, RAID-CRC test is based on the combination of EUB, PTST, BCTF, and 

BCTT with a faecal haemoglobin concentration equal or higher than 10 µg Hb/g of faeces 

(FIT10). Although BCTT did not show significant differences between subjects with 

normal colonoscopies or non-advanced adenomas and advanced neoplasia subjects, 

once in combination with EUB, PTST, and BCTF, it was able to increase specificity by 

detecting healthy subjects.  

The final algorithm consists of the combination of FIT10 and three ratios between 

bacterial markers (PTST/EUB, BCTF/EUB, BCTT/EUB). The application of the algorithm 

to the detection of advanced neoplasia resulted in a decrease in the number of false 

positive results, with a 9.7% of the subjects showing a normal colonoscopy and an 11.7% 

of subjects having non-advanced adenomas. Altogether, we obtained a sensitivity and a 

specificity of 80% and 90% (AUC=0.837, 95% CI (0.730-0.944)), respectively, and positive 

and negative predictive values of 70% and 94%, respectively. More importantly, the 

false-positive rate was reduced by 50%, being 46 subjects the false-positive results for 

FIT20 and 23 subjects for RAID-CRC. 
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Table 13. Diagnostic performance of RAID-CRC (using FIT20 and FIT10), FIT20 and FIT10 of the studied 

symptomatic population compared to FIT20 results of general screening population. FIT20 (20 µg 

haemoglobin/g of faeces); FIT10 (10 µg haemoglobin/g of faeces); PPV, positive predictive value; NPV, 

negative predictive value.  

  
Sensitivity 

(%) 

Specificity 

(%) 

PPV 

(%) 

NPV 

(%) 

RAID-CRC 

(using FIT20) 

Precancerous lesion 50 91 40 94 

Colorectal cancer 93 87 55 99 

Advanced neoplasia 76 91 72 92 

RAID-CRC 

(using FIT10) 

Precancerous lesion 59 90 43 95 

Colorectal cancer 94 85 51 99 

Advanced neoplasia 80 90 70 94 

FIT20 

(this study) 

Precancerous lesion 62 81 28 95 

Colorectal cancer 98 75 42 99 

Advanced neoplasia 84 81 59 94 

FIT10 

(this study) 

Precancerous lesion 76 76 28 96 

Colorectal cancer 100 71 38 100 

Advanced neoplasia 91 76 55 96 

FIT20 

[181,182,322] 

Precancerous lesion 28 93 13 97 

Colorectal cancer 78 92 2 99 

Advanced neoplasia 30 93 15 97 

 

4 Discussion 

Early detection of advanced colorectal neoplasia through population-based 

screening and surveillance strategies is a critical step to reduce CRC mortality 

[121,267,323,324]. The ideal technique should be non-invasive, cost-effective, 

reproducible and capable to detect premalignant lesions with high risk of tumour 

development and high sensitivity and specificity values. In this study, we have defined 

a faecal bacterial signature that complements FIT and is able to reduce FIT-associated 

false positive results by increasing its specificity, in a symptomatic population. 

Analysis of CRC-specific bacterial markers revealed that subjects with different 

colonoscopy diagnosis (i.e. normal colonoscopy, non-advanced adenoma, advanced 

adenoma, and CRC) showed different microbiological patterns. The total bacterial load 

does not seem to be affected when neoplasia appears, according to Sobhani et al [260].  

Therefore, tumour lesions affect gut microbiota diversity but not its total amount. Using 
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a qPCR-based approach, our results clearly indicate the existence of a bacterial dysbiosis 

in patients with CRC. The studied bacterial markers were classified according to gut 

health related phenotypes: butyrate producers (B10, B46, B48, RSBI), opportunistic 

pathogens (GMLL, PTST, BCTF), hydrogen and oxygen producers (CINT), and 

saccharolytic species (BCTT) (Figure 22). Relative abundance of these phenotypes was 

found to change progressively as progression of the disease status. In particular, 

between subjects with normal colonoscopies and those with CRC we found a decrease 

in relative abundance of butyrate producers which were replaced by pathogenic bacteria 

group, being more abundant in CRC and advanced adenoma individuals than in 

subjects with normal colonoscopies. It was already reported that patients with CRC 

show a reduction of butyrate producers and an increase of opportunistic pathogens, 

which constitutes a major structural imbalance of their gut microbiota [264]. Bacterial 

dysbiosis can alter the balance of host cell proliferation and death, guide the immune 

system function and influence the metabolism of host-produced factors, ingested 

foodstuffs and pharmaceuticals [325]. Changes in bacterial composition, represented by 

a decrease in the amount of butyrate producing species and an increase in the 

opportunistic pathogens load, are likely to be a consequence of neoplastic lesion 

progression [4,254,331,260,267,290,326–330]. However, it has been reported that the 

increase in the abundance of opportunistic pathogens can lead to the release of bacterial 

toxins that can directly damage host DNA [325]. Other factors like reactive oxygen and 

nitrogen species, chemokines and cytokines released by these microorganisms can also 

contribute to tumour growth [254,325,329]. In other studies, there has already been 

observed how some other opportunistic pathogenic species are more abundant in 

subjects with CRC. In the same way, the abundances of the three bacterial markers 

representing opportunistic pathogens increased with the tumour lesion progression. 

Among all the bacterial markers hereby analysed, opportunistic pathogens were the best 

candidates to distinguish between advanced neoplasia and subjects with normal 

colonoscopies or non-advanced adenomas. However, despite the capability of detecting 

advanced neoplasia, GMLL, PTST and BCTF are not able to improve the sensitivity 

obtained with the current screening strategies. Therefore, we proposed to combine 

bacterial markers with FIT in a new tool, called RAID-CRC, in order to increment the 
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specificity values and consequently reduce the number of false positive results 

translated to unnecessary colonoscopies.  

 

Figure 22. Relative abundance in percentage of the analysed bacterial markers (butyrate producing species: 

B10, B46, B48, and R. intestinalis (RSBI); opportunistic pathogens: G. morbillorum (GMLL), P. stomatis (PTST), 

and B. fragilis (BCTF); H2 and O2 producers: C. intestinalis (CINT); and saccharolytic bacteria: B. 

thetaiotaomicron (BCTT)) for subjects with normal colonoscopy (NC), non-advanced adenoma (NAA), 

advanced adenoma (AA), and colorectal cancer (CRC).  

The RAID-CRC algorithm combines three bacterial markers abundance ratios 

(PTST/EUB, BCTF/EUB, BCTT/EUB) with FIT10. Our results show that high abundances 

of PTST and BCTF correlate with advanced neoplasia, whereas BCTT abundance is 

correlated with healthy individuals. BCTT is a commensal bacterium commonly found 

in the gut microbiota of healthy individuals. Commensal bacteria have been observed to 

attenuate gut inflammation and to contribute to colonization resistance [332,333]. Hence, 

high abundances of BCTT correlate with a good intestinal health. Using ratios allowed 

data normalization, which is critical to control qPCR-associated variables in order to 

differentiate true biological changes from experimentally induced variation [334]. 

Reduction in the faecal haemoglobin concentration from 20 µg Hb/g of faeces to 10 µg 

haemoglobin/g of faeces allows capturing positive subjects that otherwise would be 

considered false negative with a cut-off value of 20 µg/g, at expenses of increasing the 

false-positive rate. However, the RAID-CRC algorithm led to an important reduction of 

false negative results due to an increase of the sensitivity for detection of precancerous 

lesions with respect to FIT (Table 13). It has been reported that the sensitivity for 
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precancerous lesions obtained by FIT20 in a screening population is substantially lower 

than the one which could be obtained by RAID-CRC (increase of 30%) [181,182,322], as 

well as in terms of advanced neoplasia (increase of 50% by RAID-CRC). In terms of 

advanced neoplasia, sensitivity might be also much higher for RAID-CRC (80%) than for 

FIT20 (30%). It is important to highlight that comparisons have been made using 

different populations: patients with clinical symptoms and average-risk population. 

Therefore, RAID-CRC results point out the use of this new tool as a potential alternative 

to FIT20 in a CRC-screening population, nevertheless it must be validated in a screening 

scenario.  

Although gut microbiota and its effects on the human body are becoming highly 

relevant in Medicine, bacteria had never been used before as indicators of any relevant 

change in the bowel physiology such as the development of a neoplasm. In the present 

work we developed a new methodology suitable to be used in national CRC-screening 

programs using stool samples. Bacterial signatures used in this work were originally 

retrieved from mucosa samples. Therefore, their presence in faeces is not heavily 

subjected to the variability caused by diet and some external factors [335,336] but is a 

measure of the real abundance in the colonic mucosa. This helps to overcome the 

enormous background noise present in stools and provides physiological 

meaningfulness to the biomarkers. 

No metadata on body mass index (BMI), smoking or feeding habits were available 

on our dataset. Although these parameters have been reported to influence the 

microbiota composition of faecal samples [337–341], our biomarkers arise from mucosa 

samples which are not so dependent on external factors [342,343]. Biedermann et al 

reported that smoking withdrawal increases microbial diversity [344]. Other studies 

observed that chronic alcohol consumption leads to an increase in Proteobacteria and a 

decrease in Bacteroidetes [239,345]. Regarding BMI, its effect on microbiota is 

controversial [346–348]. Since RAID-CRC is not addressed to a specific population, 

which includes a variety of conditions and habits, a non-stratification strategy on the 

basis of these variables is a good way to reproduce with utmost reliability the CRC 

screening scenario. Another limitation of the study is the method used by patients to 
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collect and conserve stool samples, as they had to collect the sample in a sterile faeces’ 

container, froze it using home freezers and transport it to the hospital under cooling 

conditions. Although acceptability among study participants was high, the procedure 

followed for sample collection, conservation and transport may be too complex to be 

implemented in massive CRC screening programs. Moreover, it would take longer to 

obtain the final results as not only the FIT value would have to be determined but also 

the relative abundance of the bacterial markers. To overcome this limitation, we have 

considered to set up the detection of RAID-CRC (FIT and bacterial signature analysis) in 

the FIT tube collector.   

Cost-effectiveness is also a critical issue in population-based screening [349–351]. 

Wong and co-workers made a comparison of FIT and colonoscopy in this scenario, 

showing that FIT was cost-effective manner in average-risk screening, whereas 

colonoscopy was cost-effective among higher-risk subject [352]. Therefore, combination 

of FIT with faecal bacterial markers may be superior in terms of cost-effectiveness, since 

the use of RAID-CRC would permit to save up to 30% of total colonoscopies. More 

specifically, the implementation of RAID-CRC in a CRC-screening program would 

result in a reduction of 33,000 colonoscopies due to false positive results when compared 

to a screening program based on the FOBT (55,000 vs. 22,000 false positives, respectively) 

[353]. Considering the cost of RAID-CRC comparable to that of FOBT, the estimated 

savings in follow-up colonoscopies after positive screening results would be 77 million € 

per 100,000 participants in the screening program (Table 14). In addition, using the CRC 

biomarkers presented in this work may achieve both in developed and in resource-

deprived regions, where colonoscopy facilities are limited, since RAID-CRC represents 

a potentially viable, cost-effective tool in a CRC-screening scenario. 

In conclusion, RAID-CRC is a promising tool for CRC screening because it may 

allow to achieve a similar sensitivity as the current methodology used in most of the 

CRC-screening programs (FIT20), with a higher specificity and PPV. We will next seek 

validation in a screening setting of the obtained proof of concept in symptomatic 

individuals.  
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Table 14. Comparison of costs associated to follow-up colonoscopies among different CRC-screening 

programs.  

Factor 

CRC-

screening 

FIT-based 

[353] 

CRC-screening with 

combined gFOBT 

and microbiota 

profiling [267] 

CRC-screening with 

combined FIT and 

faecal bacterial 

signature (RAID-CRC) 

Nº of colonoscopies due 

to false positive results 

(per 100,000 screening 

participants) 

47,600 24,750* 22,000 (this study) 

Costs associated to 

follow-up colonoscopies 

after a positive 

screening result 

111 M €** 70 M €** 51 M €*** 

 

*The savings have been calculated assuming that combining gFOBT with microbiota profiling can increase 

screening sensitivity more than a 45% relative to gFOBT alone.  

**Associated costs have been calculated considering that the cost of the test is 25 €.  

***Associated costs have been calculated considering that the cost of the test is 10 €.  
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Chapter 2 Faecal bacterial signature testing for colorectal cancer screening 

in a positive faecal immunochemical test population  
 

Faecal bacterial signature testing for colorectal cancer 

screening in a positive faecal immunochemical test 

population 

 

 

 

 

 

 

 

 

  



 

82 

 

 



Results. Ch2. Bacterial markers for CRC-screening in FIT-positive population 

83 

 

1 Background 

Guidelines recommend routine screening for CRC in asymptomatic adults starting 

at age 50. The most extensively used non-invasive test for CRC screening is the faecal 

immunochemical test (FIT). Although its overall sensitivity for CRC is around 61-91% 

and for advanced adenomas between 27-67%, these figures still contain a high false-

positive rate and a low positive predictive value.  

In this chapter a new non-invasive tool for CRC-screening (i.e. RAID-CRC Screen) 

based on a faecal bacterial signature that complements FIT increasing its specificity and 

positive predictive value for advanced neoplasia detection among FIT-positive 

participants has been developed. Proof-of-concept and clinical validation of the 

designed tool in two independent cohorts of an organized, population-based CRC 

screening program are reported.    

2 Experimental Design 

2.1 Proof of concept study 

A cohort consisting of 189 consecutive FIT-positive participants in the national 

CRC screening program (asymptomatic, 50-69 years, FIT cut-off at 20 µg of 

haemoglobin/g of faeces) was recruited (Table 15). The recruiting centres were the 

Hospital Universitari Dr. Josep Trueta-IAS (Girona, Spain), the Hospital Universitari de 

Bellvitge (L’Hospitalet de Llobregat, Spain), and the Consorci Hospitalari de Vic (Vic, 

Spain). The study protocol (clinical investigation code: RAID-CRC 20202015) was 

approved by the Clinical Research Ethics Committee of the three participating centres. 

From 189 recruited subjects, 17 had to be excluded because of poor sample condition. 

Finally, 172 samples from asymptomatic subjects were used in the proof-of-concept 

study.  

Exclusion criteria were: (1) subjects who had received antibiotic treatment within 

the last month prior to inclusion; (2) subjects who had received chemotherapy and/or 

radiotherapy within the last 6 months prior to inclusion; (3) subjects with severe 

comorbidity which, in opinion of the investigator, should preclude participation in the 

study; (4) subjects who had gastrointestinal adverse effects of chemotherapy and/or 
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radiotherapy (received 6 months prior to inclusion) that may compromise function of 

the digestive system; and (5) pregnancy at the time of the inclusion. Written informed 

consent was obtained from all participants.  

Table 15. Characteristics of patients included in the proof-of-concept (RAID-CRC 20202015) and clinical 

validation (GG-RAIDCRC-1002) studies, classified according to their diagnosis. CRC, colorectal cancer; AA, 

advanced adenoma; NAA, non-advanced adenoma; NC, normal colonoscopy.  

 Characteristics CRC AA NAA NC 

Proof of concept 

n (%) 11 (6.3) 67 (39.0) 38 (22.1) 56 (32.6) 

Age (mean, 

range) 
61 (50-69) 61 (50-69) 60 (50-69) 59 (49-69) 

Sex, female (%) 6 (54.5) 19 (28.3) 15 (39.5) 37 (66.1) 

Clinical validation 

n (%) 19 (5.8) 124 (37.9) 85 (26.0) 99 (30.3) 

Age (mean, 

range) 
61 (54-69) 61 (50-73) 61 (50-70) 58 (49-69) 

Sex, female (%) 6 (31.6) 52 (41.9) 42 (49.4) 53 (53.5) 

 

All subjects underwent colonoscopy in order to determine their colorectal status. 

According to the endoscopic examination and the pathology results, subjects were 

classified into four groups as indicated in section 3.1 (Patients data and sampling). 

Individuals were also asked to answer a questionnaire in order to record clinical and 

epidemiologic data.  

2.2 Clinical validation study 

The algorithm developed in the proof-of-concept study (RAID-CRC Screen) was 

validated in an independent cohort consisting of 359 consecutive FIT-positive 

participants in the national CRC screening program (Table 15). Inclusion and exclusion 

criteria were the same as in the proof-of-concept study. From the 359 recruited subjects, 

32 had to be excluded from the study for different reasons: subject did not collect the 

stool sample, incorrect sample conservation, absence of colonoscopic diagnosis, and 

poor sample condition. Finally, 327 samples were used for the clinical validation of 

RAID-CRC Screen.  

Clinical validation was designed as a cross-sectional, multicentre study. The study 

protocol (clinical investigation code: GG-RAIDCRC-1002) was approved by the Clinical 
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Research Ethics Committee of Hospital Universitari Dr. Josep Trueta-Institut 

d’Assistència Sanitària (IAS) Consortium and Hospital Universitari de Bellvitge. 

According to the endoscopic findings, subjects were classified into the four groups 

previously mentioned in section 3.1 (Patients data and sampling). Written informed 

consent was obtained from all study participants.  

All participants, both from the proof-of-concept and the clinical validation, 

provided a stool sample from one bowel movement before colonoscopy and prior to 

bowel cleanse. Genomic DNA was extracted from frozen samples and its concentration 

was determined by fluorimetry. In the proof-of-concept, after having adjusted DNA 

concentration to 8 ng/µl qPCR assays were performed; however, in the clinical validation 

DNA concentration was not assessed since the total bacterial load (Eubacteria) was used 

to normalize data. In this chapter, the specific bacterial sequences targeted were 

classified in four different groups according its characteristics: Eubacteria (EUB) as the 

total bacterial load; B10 (best BLAST match Faecalibacterium prausnitzii), B46 (best BLAST 

match Subdoligranulum variabile), B48 (best BLAST match Ruminococcus, Roseburia, 

Coprococcus), F. prausnitzii (FPRA), and Roseburia intestinalis (RSBI) as butyrate-

producing bacteria biomarkers; Gemella morbillorum (GMLL), Peptostreptococcus stomatis 

(PTST), and Bacteroides fragilis (BCTF) as opportunistic pathogens usually found in the 

oral cavity or in the bowel of mammals; and Bacteroides thetaiotaomicron (BCTT) as a 

saccharolytic species. The species-specific primers used in this study are shown in Table 

8 and the thermal profiles were different according to the analysed biomarker (Table 9).  

FIT analysis was performed at Hospital Universitari de Girona Dr. Josep Trueta – 

IAS, Hospital Universitari de Bellvitge, or Consorci Hospitalari de Vic, employing a 

different sample than the one used in the CRC-specific biomarkers analysis which was 

collected in the prior month to colonoscopy. Stool samples for faecal haemoglobin 

determination were analysed using the OC-Sensor tube collector and the assay was 

performed using the automated OC-Sensor, which detects gastrointestinal bleeding 

associated with disorders such as CRC, polyps and diverticulitis (Eiken Chemical Co., 

Tokyo, Japan). Positive tests were those with a concentration of faecal haemoglobin 

equal or higher than 20 µg Hb/g of faeces (FIT20). 
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In the proof-of-concept study, machine learning was used to determine which 

combination of the bacterial markers were capable of distinguishing subjects with AN 

from those with normal colonoscopy or NAA. The specific methodology consisted of an 

initial training iteration with the 70% of 100 random partitions of the dataset and a 

further validation with the 30% left of the predictive models generated using 4 different 

machine learning algorithms (neural network, logistic regression, gradient boosting tree, 

and random forest). RAID-CRC Screen was eventually designed using the combination 

of six of the bacterial markers.  

Sample size of the clinical validation was calculated in 359 subjects using the online 

platform GRANMO v7.12 estimating the population by proportions, with 95% 

confidence interval, an accuracy of +/- 5%, estimating a population percentage that is 

expected to be around 30%, with a 10% repositions foreseen.  

3 Results 

3.1 Faecal bacterial markers in neoplasia progression 

In the proof-of-concept study, stool samples were used to evaluate the relative 

abundance of each bacterial marker according to each diagnosis (Figure 23). Regardless 

of the colonoscopy result, the most prevalent bacterial species were butyrate producers 

(B10, B46, B48, FPRA, and RSBI), with relative abundance values of 18.53%, 15.76%, 

17.94%, 15.68%, and 12.02%, respectively. Subjects with either NAA or AA showed 

higher relative abundances of B10, B46 and FPRA when compared to healthy individuals 

(p=0.018, p=0.004, and p=0.023, respectively). PTST and BCTF were significantly more 

abundant in CRC population than in individuals with normal colonoscopy (p=0.002 and 

p=0.017, respectively). Although with no significant differences, it could be observed a 

tendency of GMLL, being more abundant in CRC patients (p=0.073); similarly, PTST and 

RSBI were more abundant in the presence of either NAA or AA (p=0.056 and 0.060, 

respectively).  
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Figure 23. Relative abundance of the analysed bacterial markers (B10, B46, B48, F. prausnitzii (FPRA), G. 

morbillorum (GMLL), P. stomatis (PTST), B. fragilis (BCTF), B. thetaiotaomicron (BCTT) and R. intestinalis (RSBI)); 

in subjects with normal colonoscopy (NC), non-advanced adenoma (NAA), advanced adenoma (AA), and 

colorectal cancer (CRC). 

On the one hand, a higher abundance of opportunistic pathogens (GMLL, PTST, 

and BCTF) was observed in CRC patients with respect to healthy subjects (p=0.073, 

p=0.002, and p=0.017, respectively). In terms of prevalence, these bacterial markers were 

found more often in patients with CRC (GMLL, 75.0%; PTST, 50.0%; and BCTF, 66.6%) 

than in healthy subjects (GMLL, 40.8%; PTST, 11.1%; and BCTF, 31.3%). On the other 

hand, when subjects with normal colonoscopy were compared to patients with AN, 

three butyrate-producing bacteria (B10, B46, and FPRA) showed significant differences 

in their relative abundance (p=0.035, p=0.030, and p=0.042, respectively). 

3.2 RAID-CRC Screen algorithm development 

The development of RAID-CRC Screen algorithm was focused on the reduction of 

false positive results for AN among the FIT-positive subjects, while maintaining 100% 

sensitivity for CRC. Although FPRA, B46, and B10 were the only bacterial markers that 

showed significant differences between subjects with normal colonoscopy or NAA and 

those with AN within the FIT-positive population, they did not provide the desired 

sensitivity values. The combination of the two first markers (FPRA and B46) with three 

other bacterial species (B48, GMLL, and BCTF) and the total bacterial load led to the 

achievement of an algorithm with a sensitivity of 95%, a specificity of 26%, a PPV of 50%, 

and a negative predictive value of 86%, for AN (Table 16). More specifically, RAID-CRC 
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Screen consists of 5 bacterial ratios: FPRA/EUB, B46/EUB, B48/EUB, GMLL/EUB, and 

BCTF/EUB applied in the FIT-positive population.  While FIT 20 µg/g lead to 94 false-

positive results for AN detection, RAID-CRC Screen reduced this value to 62 implying a 

reduction of the false positive rate of 34%. Notably, developers focused on sensitivity for 

AN which approached 100%. 

Table 16. Diagnostic performance of RAID-CRC Screen in the proof-of-concept study (n=172). NC, normal 

colonoscopy; NAA, non-advanced adenoma; PPV, positive predictive value; NPV, negative predictive value.  

Most advanced 

finding 

Groups used for 

calculating 

specificity 

Sensitivity 

(%) 

Specificity  

(%) 

PPV 

(%) 

NPV 

(%) 

Colorectal cancer 

(n=11) 
NAA+NC 100 28 13 100 

Advanced 

adenomas (n=67) 
NAA+NC 95 26 49 88 

Advanced neoplasia 

(n=78) 
NAA+NC 95 26 50 86 

 

3.3 Clinical validation of RAID-CRC Screen 

When RAID-CRC Screen was scaled up to the 327 FIT-positive individuals of the 

validation cohort, a sensitivity of 95%, 82% and 84% were obtained for the detection of 

CRC, AA and AN, respectively (Table 17). Specificities were 16% among participants 

with NAA or normal colonoscopy, and 18% among those with negative results on 

colonoscopy (Table 17). In this validation study, the algorithm detected 30 true negative 

subjects but generated 23 false negatives from the 327 FIT-positive individuals, 22 of 

them with AA and 1 with CRC. More importantly, while using FIT 20 µg/g there were 

184 false-positive results for AN, RAID-CRC Screen reduced this figure to 154, which 

implies a reduction of the false positive rate of 16.3%.  
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Table 17. Diagnostic performance of RAID-CRC Screen in the validation study (n=327). NC, normal 

colonoscopy; NAA, non-advanced adenoma; PPV, positive predictive value; NPV, negative predictive value.  

Most advanced 

finding 

Groups used for 

calculating specificity 

Sensitivity 

(%) 

Specificity 

(%) 

PPV 

(%) 

NPV 

(%) 

Colorectal cancer 

(n=19) 

NC+NAA 95 16 11 97 

NC 95 18 18 95 

Advanced adenoma 

(n=124) 

NC+NAA 82 16 40 58 

NC 82 18 56 45 

Advanced neoplasia 

(n=143) 

NC+NAA 84 16 44 57 

NC 84 18 60 44 

 

4 Discussion 

Early detection of CRC is crucial to reduce its incidence and mortality. The 

European Union recommends population-based, organized, screening for CRC using 

evidence-based methods with quality assurance of the entire screening process [189]. 

The best CRC-screening strategy has not been defined yet, but the most widely used in 

Western countries FIT, which shows 79% sensitivity and 99% negative predictive value 

for CRC detection [182]. The most common limitation of FIT-based CRC-screening 

programs are false-positive results [192], as they lead to patient’s concerns, additional 

costs [193] and adverse events associated with unnecessary colonoscopies. In this study, 

we have defined and clinically validated a faecal bacterial signature that complements 

FIT by reducing its associated false-positive rate among FIT-positive participants.  

Different bacterial markers associated with CRC have been analysed in subjects 

with colorectal neoplastic lesions at different stages: normal colonoscopy, NAA, AA and 

CRC. Using a qPCR-based approach, our results clearly indicate the existence of a 

microbial dysbiosis in patients with CRC. The analysed bacterial markers were classified 

according to their gut health related phenotypes: butyrate producing bacteria (B10, B48, 

B48, FPRA, RSBI), saccharolytic bacteria (BCTT), and opportunistic pathogens (GMLL, 

PTST, BCTF) (Figure 24). Relative abundance of these microbiological groups differed 

significantly when healthy subjects were compared to CRC patients. Specifically, we 

found a decrease in the abundance of butyrate producing bacteria in CRC when 

compared to subjects with normal colonoscopy, being replaced by pathogenic species.  
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Figure 24. Relative abundance of the analysed bacterial markers (butyrate producing species: B10, B46, B48, 

FPRA, and RSBI; opportunistic pathogens: GMLL, PTST, BCTF; saccharolytic bacteria: BCTT); in subjects with 

normal colonoscopy (NC), non-advanced adenoma (NAA), advanced adenoma (AA), and colorectal cancer 

(CRC).  

In the proof-of-concept, we prioritized the correct classification of subjects with 

CRC, thus a 100% sensitivity was sought. Therefore, RAID-CRC Screen was developed 

to maximize the reduction of false-positive results, while maintaining a high sensitivity 

for AN. The defined microbiological signature combines five bacterial markers 

abundance ratios (FPRA/EUB, GMLL/EUB, B46/EUB, BCTF/EUB, B48/EUB). Our results 

showed that high FPRA/EUB, GMLL/EUB, and BCTF/EUB bacterial ratios correlated 

with the presence of AN. On the contrary, low B46/EUB and B48/EUB bacterial ratios 

correlated with healthy individuals and advanced neoplasia, respectively. In this setting, 

it is important to note that use of the total bacterial load for data normalization is critical 

to control variables associated to qPCR, thus differentiating true biological changes from 

experimentally induced variation [334].  

Clinical validation of RAID-CRC Screen confirmed a sensitivity and negative 

predictive values for CRC detection approaching 100% among FIT-positive individuals. 

With respect to the detection of AA, promising results were also obtained with a 

sensitivity of 82%. Altogether, RAID-CRC Screen reached a sensitivity and specificity of 

84% and 18%, respectively, for the detection of AN. More importantly, the use of this 

new non-invasive tool achieved a reduction of up to 20% unnecessary colonoscopies 

among subjects who tested positive to FIT. In addition, cancer screening programs seek 
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methods with high negative predictive values, since all affected individuals should be 

detected. On this line, our method obtained a negative predictive value for CRC 

detection of almost 100%.  

A two-step approach, in which individuals with a FIT-positive result undergo 

colonoscopy, is a cost-effective CRC screening strategy in average-risk population 

[171,352]. In this setting, use of the defined bacterial signature after testing positive in 

FIT may increase cost-effectiveness, as the number of unnecessary colonoscopies would 

be further reduced. More specifically, the implementation of RAID-CRC Screen in a CRC 

screening program would result in a 20% reduction of colonoscopies indicated due to 

false-positive results of FIT, thus representing a saving of at least 138 M € per year in 

UK. In a similar manner, the use of faecal bacterial signature may allow the introduction 

of CRC screening programs in resource-deprived regions, where colonoscopy 

availability is limited.  

Based on our results, we propose a three-step CRC screening strategy, in which 

the bacterial signature (RAID-CRC Screen) is applied to FIT-positive individuals for a 

better selection of those who should undergo colonoscopy. This approach was 

associated with a significant reduction of false-positive results of FIT among participants 

in a population-based, organized CRC screening program. Therefore, RAID-CRC Screen 

is being postulated as a new non-invasive tool for CRC screening, adding specificity and 

PPV to FIT while maintaining high sensitivity for AN. 
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signatures for the individualization of the Lynch syndrome 

surveillance 

Use of new faecal bacterial signatures for the 

individualization of the Lynch syndrome surveillance 
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1 Background 

While most colorectal tumours are sporadic (70-80%), a small part of them have an 

hereditary component, i.e. Lynch syndrome (2-5%), different forms of colorectal 

polyposis (1%) or CRC associated to MUTYH gene (1%) [354]. Lynch syndrome is an 

autosomal dominant inherited condition caused by germline mutation in DNA 

mismatch repair (MMR) genes (i.e. MLH1, MSH2, MSH6 and PMS2) [355]. MMR genes 

repair errors that happen during DNA replication before cell division. When this 

mechanism is deficient, microsatellite instability (MSI) in tumours is triggered [356]. It is 

characterized by the development of early-onset CRC, endometrial, gastric, urinary 

tract, small bowel and other cancers [131]. It is also typified by accelerated 

carcinogenesis, being less than 2 years the period of time from a normal colonoscopy 

diagnosis to a colorectal carcinoma [131]. This interval of time is increased up to 10 years 

when talking about the development of a sporadic CRC [357]. There is an ongoing 

discussion about the optimal interval between colonoscopic examinations. Guidelines 

recommend intensive colonoscopy surveillance starting at the age of 25 years, with 

intervals of no more than 2 years [358,359]. Currently, there is special interest in the 

development of new non-invasive tools that lead to the reduction of unnecessary 

surveillance colonoscopies performed in Lynch syndrome (LS) carriers.  

The vast majority of intestinal microbiota studies are focused on the analysis of 

patients who develop colorectal cancer sporadically. Nowadays, there are very few 

studies focused on the specific analysis of LS carriers’ gut bacterial community [314,315]. 

Thus, a Chinese research group has analysed possible interactions between gut 

microbiota and LS and observed that, together with genetic factors, some gut microbes 

such as Bacteroides fragilis, Parabacteroides distasonis and Pseudomonadaceae family are 

also implicated in the development of LS [314]. On the other hand, a clinical trial lead by 

the Memorial Sloan Kettering Cancer Centre, that is still recruiting patients, will perform 

a metagenomic evaluation of the gut microbiome of patients with LS and other 

hereditary colonic polyposis syndromes [315].  

In this chapter a specific faecal bacterial signature of sporadic CRC and IBD 

patients is compared to that of LS carriers. Moreover, a non-invasive tool based on this 
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signature that enables the prediction of the absence of neoplasia in LS carriers is 

developed. This new method, which is called RAID-LS “Risk Assessment Intestinal 

Disease for Lynch Syndrome”, could lead to significant savings in the number of 

surveillance colonoscopies performed in LS carriers, expanding the intervals between 

endoscopic examinations, thus improving patients’ quality of life and compliance.  

2 Experimental Design 

A cohort consisting of 66 Lynch syndrome carriers who underwent a surveillance 

colonoscopy was recruited (Table 18, Table 19). A second cohort consisting of 301 control 

individuals who joined the regional CRC screening program (asymptomatic, FIT-

positive, 50-69 years) or presented CRC compatible symptomatology (blood in stool, 

abdominal pain, changes in bowel habits, unexplained tiredness, weight loss) was also 

recruited (Table 17). The recruiting centres were the Institut Català d’Oncologia (ICO) 

(Girona and l’Hospitalet de Llobregat, Spain), the Hospital Universitari Dr. Josep Trueta 

(Girona, Spain), the Hospital Universitari de Bellvitge (l’Hospitalet de Llobregat, Spain), 

and the Consorci Hospitalari de Vic (Vic, Spain). Exclusion criteria were: (1) subjects who 

had received antibiotic treatment within the last month prior to inclusion; (2) subjects 

who had received chemotherapy and/or radiotherapy within the last 6 months prior to 

inclusion; (3) subjects with severe comorbidity which, in opinion of the investigator, 

should preclude participation in the study; (4) subjects who had gastrointestinal adverse 

effects of chemotherapy and/or radiotherapy (received 6 months prior to inclusion) that 

may compromise function of the digestive system; and (5) pregnancy at the time of the 

inclusion.  

The study protocol was approved by the Clinical Research Ethics Committee of 

Hospital Universitari de Girona Dr. Josep Trueta and Hospital Universitari de Bellvitge 

(clinical investigation code: 20202015). Written informed consent was obtained from all 

study patients.  

All subjects underwent colonoscopy in order to determine their colorectal status. 

According to the endoscopic examination and the pathology results, subjects were 

classified into four groups as indicated in section 3.1 (Patients data and sampling). 
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Participants were also asked to answer a questionnaire in order to record clinical and 

epidemiological data. 

Table 18. Main characteristics of the study participants. NC, normal colonoscopy; NAA, non-advanced 

adenoma; AA, advanced adenoma; SA, serrated adenoma; CRC, colorectal cancer; NA, not of application.  

  Lynch Control 

Age mean (range) 50 (25-83) 60 (33-85) 

Sex (female) n (%) 44 (66.7) 152 (50.5) 

Diagnosis 

NC (%) 54 (81.8) † 136 (45.2) 

NAA (%) 7 (10.6) ‡ 63 (20.9) 

AA (%) 3 (4.5) 79 (26.2) 

SA (%) 1 (1.5) 9 (3.0) 

CRC (%) 1 (1.5) 14 (4.6) 

Mutated gene 

MLH1 (%) 28 (43.0) NA 

MSH2 (%) 14 (21.0) NA 

MSH6 (%) 16 (24.0) NA 

PMS2 (%) 8 (12.0) NA 

Previous CRC n (%) 15 (23.0) 0 

Total n 66 301 

† Endometrium cancer (4), ovarian cancer (1); ‡ Endometrium cancer (1) 
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Table 19. Detailed description of the LS population of the study. ID, identification; M, male; F, female; NA, non-applicable; ND, no data. 

Subject 

ID 
Gender 

Current 

age 

Mutated 

Gene 
CRC age CRC TNM 

Type of CRC 

surgery 
Other cancers (age) 

Nº surveillance 

colonoscopies 

Follow-

up years 

BG101 M 66 MSH6 NA NA NA 0 0 3 

BG102 M 78 MLH1 66 pT3N0M0 
Right 

hemicolectomy 
prostate (72) 7 10 

BG103 M 42 MLH1 NA NA NA 0 0 4 

BG105 F 37 MLH1 NA NA NA 0 2 7 

BG107 F 50 MSH6 NA NA NA 0 0 3 

BG108 M 74 MSH6 44 / 63 
pT3N0M0 / 

pT4N0M0 

Subtotal 

colectomy 
0 7 16 

BG110 F 48 MSH2 NA NA NA 0 6 16 

BG111 M 75 MSH6 NA NA NA 0 0 3 

BG112 F 54 MLH1 NA NA NA 0 0 4 

BG113 F 61 MLH1 NA NA NA 0 0 4 

BG114 F 47 MLH1 NA NA NA 0 0 5 

BG116 M 46 MSH6 NA NA NA 0 0 3 

BG117 F 50 MLH1 37 pT4N0M0 
Subtotal 

colectomy 
0 5 13 

BG118 F 54 MLH1 40 / 41 pT2N0M0 / ND 
Right 

hemicolectomy 
0 10 13 

BG119 M 44 MSH2 NA NA NA 0 0 14 

BG120 F 61 MLH1 NA NA NA 0 6 10 

BG121 F 61 MLH1 37 pT4N1M0 
Right 

hemicolectomy 
0 7 10 

BG122 F 36 MLH1 NA NA NA 0 4 10 

BG123 M 51 MSH2 NA NA NA 
4 sebaceous adenomas 

(36, 37, 39, 45), skin (40) 
2 9 

BG124 F 43 MLH1 28 pT2N0M0 
Anterior rectal 

resection 
0 5 15 

BG126 F 34 MLH1 NA NA NA 0 4 9 
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Subject 

ID 
Gender 

Current 

age 

Mutated 

Gene 
CRC age CRC TNM 

Type of CRC 

surgery 
Other cancers (age) 

Nº surveillance 

colonoscopies 

Follow-

up years 

BG127 F 61 MLH1 42 pT3N0M0 
Left 

hemicolectomy 
0 8 18 

BG129 M 55 MSH6 NA NA NA 0 3 ND 

BG130 M 27 MSH6 NA NA NA 0 0 4 

BG131 F 74 MSH6 49 pT3N0M0 
Right 

hemicolectomy 
uterus (47) 4 9 

BG132 F 56 MSH6 NA NA NA uterus (53) 0 4 

BG133 F 69 MSH6 NA NA NA 0 ND 19 

BG134 F 63 MSH2 NA NA NA 

uterus (43), 3 

sebaceous adenomas 

(43, 47, 48) 

6 20 

BG136 M 39 MLH1 NA NA NA 0 1 7 

BG137 F 41 MLH1 NA NA NA ovary (34) 2 6 

BG138 M 63 MLH1 55 pT3N0M0 
Right 

hemicolectomy 
appendix (55) 3 6 

BG139 M 58 MSH2 37 / 48 / 48 

pTxNxM0 / 

pT3N1M0 / 

pT1N1M0 

Subtotal 

colectomy 

sebaceous adenoma 

(ND), skin (54) 
6 9 

BG140 F 48 MLH1 NA NA NA 0 2 11 

BG141 M 67 MSH2 
48 / 48 / 54 / 

66 

pT3N1M0 / 

pT3N0M0 / 

pT1NxM0 / 

pT1NxM0 

Subtotal 

colectomy 

ureter (53), bladder 

(53), prostate (60) 
ND ND 

BG142 F 60 MSH2 NA NA NA uterus (56) 0 3 

BG143 M 74 MSH6 63 pT1N0M0 
Left 

hemicolectomy 
0 8 13 

BG144 F 63 PMS2 NA NA NA 0 5 13 

BG145 F 55 MLH1 NA NA NA uterus (52) 6 13 

BG146 F 47 PMS2 NA NA NA 0 3 7 

BG147 F 85 PMS2 NA NA NA 0 2 7 

BG148 F 33 MLH1 NA NA NA 0 2 13 
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Subject 

ID 
Gender 

Current 

age 

Mutated 

Gene 
CRC age CRC TNM 

Type of CRC 

surgery 
Other cancers (age) 

Nº surveillance 

colonoscopies 

Follow-

up years 

BG149 M 69 MLH1 55 pT1N0M0 
Right 

hemicolectomy 
0 8 13 

BG150 M 51 MSH2 41 pT3N2Mx 
Anterior rectal 

resection 
0 5 10 

BG251 F 55 MLH1 NA NA NA 0 8 17 

BG252 F 32 MSH2 NA NA NA 0 0 6 

BG253 F 54 MLH1 NA NA NA uterus (48) 0 5 

BG255 F 50 PMS2 NA NA NA 0 4 13 

GR201 F 61 MSH6 NA NA NA 0 7 6 

GR202 M 39 MLH1 NA NA NA 0 3 8 

GR203 F 43 MSH2 NA NA NA 0 3 7 

GR205 F 43 MSH6 NA NA NA 0 4 7 

GR206 F 44 MLH1 39 pT3N1M0 
Right 

hemicolectomy 
0 4 4 

GR207 F 39 MSH2 NA NA NA bladder (33), uterus (35) 1 3 

GR208 F 37 MSH2 NA NA NA liver (32) 2 7 

GR209 F 49 MLH1 NA NA NA 0 6 9 

GR210 F 42 PMS2 NA NA NA 0 4 6 

GR211 F 66 MSH2 NA NA NA uterus (42), ovary (43) 1 3 

GR212 M 36 PMS2 NA NA NA 0 4 6 

GR213 F 52 MLH1 NA NA NA 0 8 9 

GR214 M 44 MSH2 NA NA NA 
sebaceous adenoma 

(38), ureter (40) 
3 5 

GR215 F 55 MSH6 NA NA NA 0 2 3 

GR216 M 43 PMS2 NA NA NA 0 4 6 

GR217 F 60 MSH6 NA NA NA 0 5 7 

GR218 F 49 MSH6 NA NA NA 0 7 7 
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Participants provided a stool sample from one bowel movement before 

colonoscopy and prior to bowel cleanse. Genomic DNA was extracted from frozen 

samples and its concentration was determined by fluorimetry. After having adjusted 

DNA concentration to 8 ng/µl qPCR assays were performed. In this chapter, the specific 

bacterial sequences targeted were 14: Eubacteria (EUB) as the total bacterial load; B10 

(best match BLAST Faecalibacterium prausnitzii), B46 (best match BLAST Subdoligranulum 

variabile), B48 (best match BLAST Ruminococcus, Roseburia, Coprococcus), Faecalibacterium 

prausnitzii (FPRA), F. prausitzii phylogroup I (PHGI), F. prausnitzii phylogroup II (PHGII) 

and Roseburia intestinalis (RSBI) as butyrate-producing bacteria biomarkers; Escherichia 

coli (ECO) as proinflammatory species; Gemella morbillorum (GMLL), Peptostreptococcus 

stomatis (PTST), and Bacteroides fragilis (BCTF) as opportunistic pathogens; Collinsella 

intestinalis (CINT) as a hydrogen and ethanol producer specific biomarker; and 

Bacteroides thetaiotaomicron (BCTT) as a saccharolytic species. B10, B46, B48, GMLL, PTST, 

BCTF, BCTT, and RSBI are associated with colorectal cancer; while FPRA, ECO, PHGI, 

and PHGII have been linked to inflammatory bowel disease. The species-specific 

primers used in this study are shown in Table 8 and the thermal profiles were different 

according to the analysed biomarker (Table 9).  

The RAID-LS algorithm was designed using a decision tree. This method consists 

of the division of a data set into smaller data sets using different cut-offs. With this 

method we identified those bacterial markers that could distinguish healthy LS carriers 

from those with neoplasia lesions. The receiver operating characteristic (ROC) curve 

analysis was applied to determine the usefulness of each biomarker to distinguish 

among different colonic neoplasia status. The accuracy of discrimination was measured 

by the area under the ROC curve (AUC). Likelihood ratios (LR) were calculated to 

analyse the performance of the designed algorithm.  

3 Results 

3.1 Comparison of the abundance of specific faecal bacterial markers 

between healthy LS carriers and patients with sporadic CRC 

The relative abundance of bacterial markers was compared after grouping LS 

carriers with a normal colonoscopy in two groups: (1) those who had already suffered 
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from CRC (n=13) and (2) those without previous colorectal lesions (n=41). EUB, which 

corresponds to the total bacterial load, was equivalent in both groups. In spite of the lack 

of differences those with no previous CRC (41 subjects) were used in this analysis, thus 

avoiding the potential bias linked to prior surgery.  

Comparison between healthy control subjects (n=136) and NC LS population 

(n=41), showed that GMLL, PTST and BCTF were significantly more abundant in LS 

carriers (Table 20). Regarding the comparison between NC LS (41) and control subjects 

with adenomas, both NAA (63) and AA (79), significant differences were found in the 

abundance of GMLL, PTST, PHGI and PHGII for NAA, and B10, GMLL, PTST, BCTF, 

PHGI and PHGII for AA. Noteworthy, no bacterial markers showed significant 

differences when NC LS (41) were compared to control subjects with CRC (14). 
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Table 20. Comparison of the mean relative abundance (mean ± standard deviation) of the analysed bacterial markers between healthy Lynch syndrome carriers and control 

subjects with different colonoscopy diagnostics. Level of significance: when p-value < 0.05 (highlighted). NC, normal colonoscopy; NAA, non-advanced adenoma; AA, 

advanced adenoma; CRC, colorectal cancer; EUB, Eubacteria; GMLL, G. morbillorum; PTST, P. stomatis; BCTF, B. fragilis; BCTT, B. thetaiotaomicron; RSBI, R. intestinalis; FPRA, 

F. prausnitzii; ECO, E. coli; PHGI, F. prausnitzii phylogroup I; PHGII, F. prausnitzii phylogroup II.  

 Lynch Control p-value (Mann-Whitney test) 

Diagnostic NC NC NAA AA CRC 

NC Lynch 

vs. NC 

Control 

NC Lynch vs. 

NAA Control 

NC Lynch 

vs. AA 

Control 

NC Lynch vs. 

CRC Control 

n 41 136 63 79 14 NA NA NA NA 

EUB 9.49 ± 2.41 9.41 ± 0.43 9.43 ± 0.66 9.60 ± 2.02 9.35 ± 0.34 0.055 0.350 0.424 0.700 

B10 14.42 ± 3.14 13.64 ± 2.34 12.92 ± 1.05 12.94 ± 1.80 13.22 ± 1.46 0.985 0.161 0.039 0.802 

B46 21.69 ± 2.23 20.90 ± 1.92 20.16 ± 1.10 20.03 ± 1.27 20.25 ± 1.53 0.226 <0.001 0.438 0.129 

B48 16.42 ± 1.32 16.43 ± 1.44 16.12 ± 1.42 16.20 ± 1.66 16.22 ± 1.11 0.998 0.335 0.051 0.975 

GMLL 28.02 ± 1.88 30.47 ± 0.86 30.09 ± 1.39 30.20 ± 1.57 29.13 ± 2.42 <0.001 <0.001 <0.001 0.242 

PTST 28.13 ± 1.51 29.11 ± 0.98 29.05 ± 0.77 29.11 ± 1.18 27.77 ± 3.01 <0.001 <0.001 <0.001 0.226 

BCTF 29.49 ± 3.53 30.00 ± 3.58 28.92 ± 4.32 29.89 ± 3.91 27.38 ± 5.70 0.012 0.199 <0.001 1.000 

BCTT 22.32 ± 3.10 22.30 ± 3.41 22.84 ± 4.25 23.09 ± 4.20 21.91 ± 2.59 0.999 1.000 0.990 0.999 

RSBI 21.67 ± 3.62 20.01 ± 3.65 21.20 ± 3.35 21.56 ± 3.75 21.46 ± 3.52 0.982 0.988 0.999 0.999 

FPRA 16.21 ± 1.32 15.54 ± 1.89 14.98 ± 1.12 14.79 ± 1.10 15.38 ± 1.55 0.998 0.335 0.051 0.993 

ECO 21.83 ± 4.08 22.87 ± 4.95 24.03 ± 4.48 23.30 ± 3.65 23.83 ± 3.15 0.785 0.051 0.172 0.411 

PHGI 22.26 ± 6.74 20.08 ± 5.53 19.39 ± 5.42 19.06 ± 5.11 18.27 ± 1.94 0.274 0.047 0.012 0.271 

PHGII 19.84 ± 3.97 18.69 ± 3.89 17.74 ± 1.93 18.40 ± 4.28 18.60 ± 1.94 0.223 0.012 0.02 0.714 
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3.2 Study of the abundance of specific faeces bacterial markers in LS 

population 

In terms of the LS gene mutation (MLH1, MSH2, MSH6, PMS2) no significant 

differences were observed in the abundance of the analysed bacterial markers between 

this group and neither CRC nor IBD-specific biomarkers, except for PTST, which showed 

higher relative abundance in MLH1 mutation carriers (p=0.034) (Table 21).  

Table 21. Comparison of the mean relative abundance (mean ± standard deviation) of the analysed bacterial 

markers in each of the mutation variants (MLH1, n=28; MSH2, n=14; MSH6, n=16; PMS2, n=8). Significant 

differences in the relative abundance of the bacterial markers obtained among the different MMR genes 

were obtained using the non-parametric test Kruskal-Wallis. Level of significance: * when p-value < 0.05. 

EUB, Eubacteria; GMLL, G. morbillorum; PTST, P. stomatis; BCTF, B. fragilis; BCTT, B. thetaiotaomicron; RSBI, R. 

intestinalis; FPRA, F. prausnitzii; ECO, E. coli; PHGI, F. prausnitzii phylogroup I; PHGII, F. prausnitzii phylogroup 

II.  

 MLH1 MSH2 MSH6 PMS2 

p-value 

(Kruskal-

Wallis test) 

EUB 9.87 ± 3.26 9.12 ± 0.88 9.14 ± 0.50 9.20 ± 0.39 0.915 

B10 14.42 ± 3.36 14.27 ± 2.87 14.77 ± 3.84 13.85 ± 1.80 0.999 

B46 21.71 ± 2.47 21.21 ± 1.80 21.89 ± 2.45 21.66 ± 2.41 0.860 

B48 16.32 ± 1.22 16.52 ± 1.19 15.95 ± 1.48 16.88 ± 1.38 0.579 

GMLL 28.22 ± 1.56 28.70 ± 1.82 27.96 ± 2.51 28.63 ± 1.48 0.835 

PTST 27.67 ± 1.58 28.98 ± 0.65 28.37 ± 1.66 28.50 ± 0.88 0.034* 

BCTF 29.57 ± 3.08 29.30 ±3.96 29.71 ± 3.17 29.47 ± 4.15 0.709 

BCTT 22.39 ± 2.69 22.46 ± 3.41 21.56 ± 2.83 21.99 ± 3.08 0.880 

RSBI 21.42 ± 3.45 21.97 ± 4.30 21.56 ± 3.83 21.23 ± 2.56 0.995 

FPRA 16.32 ± 3.35 15.84 ± 2.09 16.51 ± 3.53 15.70 ± 1.66 0.998 

ECO 21.46 ± 3.79 22.47 ± 4.71 22.24 ± 5.24 19.77 ± 3.88 0.624 

PHGI 20.80 ± 5.38 24.62 ± 8.44 24.85 ± 8.69 18.38 ± 2.89 0.156 

PHGII 19.69 ± 4.58 19.98 ± 2.57 20.20 ± 5.36 19.89 ± 2.18 0.419 

 

3.3 Definition of a bacterial signature for neoplasia detection in LS 

carriers 

After grouping LS carriers, the relative abundance of the bacterial markers was 

compared among the different segments as follows: (1) NC and (2) patients with 

neoplasia (NAA+AA+CRC). We only used those subjects who did not have any personal 

CRC background (51 subjects) since it is the population in which we wanted to focus the 
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development of the non-invasive tool for LS carriers’ surveillance. Four subjects were 

excluded because of poor sample condition (i.e. low DNA concentration or qPCR 

inhibition). In this preliminary analysis GMLL was the only bacterial marker that 

showed significant differences in its abundance when NC LS individuals were compared 

to LS with neoplasia (p=0.010). While GMLL sensitivity for neoplasia was high (90%), its 

specificity value was low (50%), (AUC=0.760, 95% CI (0.600-0.910)). Noteworthy, a 

sensitivity of 100% is sought since all LS with neoplastic lesions need to be detected. 

Although the sensitivity of GMLL for the detection of neoplastic lesions was high we 

designed an algorithm (RAID-LS) in order to improve the sensitivity. The best bacterial 

markers combination comprised EUB, B46 and ECO. More specifically, two ratios of 

bacterial markers (B46/EUB, ECO/EUB) were used. RAID-LS application led to high 

sensitivity and specificity values, 100% and 72%, respectively (LR(+)=3.55, 95% CI (2.15-

5.85)). The positive predictive value and the negative predictive value were 42% and 

100%, respectively, implying an accuracy of 77%. 

4 Discussion 

In this study, we have compared the abundance of specific bacterial markers 

associated to sporadic CRC and IBD patients with that of LS carriers. LS carriers show a 

CRC-like bacterial signature irrespective of the presence of lesions. We also present 

preliminary evidence suggesting that some specific bacterial marker may pinpoint those 

carriers that do not harbour lesions.  

Comparison between healthy LS carriers and control subjects brought new 

findings. Significant differences in the abundance of three of the analysed bacterial 

markers were evidenced when healthy LS were compared to healthy controls, which 

suggests a distinct basal gut environment in LS carriers. Unexpectedly, LS carriers with 

a normal colonoscopy showed similar relative abundances of the analysed bacterial 

markers than that of control subjects with sporadic CRC. 

MMR genes dysfunction in LS carriers leads to the loss of functional MMR 

proteins, which in turn leads to defects in DNA repair and, subsequently, high DNA 

microsatellite instability (MSI) [360]. Moreover, MMR gene mutations affect growth-

regulatory genes that play an important role in CRC carcinogenesis such as APC or TGFβ 
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[76]. A proinflammatory microenvironment is found around colorectal tumour lesions 

as high levels of several cytokines and chemokines, such as CCL2 (MCP-I), CXCL1 

(GROα) and CXCL5 (ENA-78), are secreted by tumours [361]. The appearance of a 

neoplastic lesion in LS carriers, both NAA and AA, prompts an increase in the number 

of bacterial markers that show significant differences on their relative abundance. These 

results were expected as the appearance of an adenoma in the gut of sporadic CRC 

patients has been seen to alter intestinal microbiota [362,363]. Some studies have 

proposed an association between pathogenic bacteria and sporadic colon tumorigenesis, 

and the depletion of protective bacteria have been also related to sporadic CRC 

pathology [364]. These results suggest that the inflammatory basal gut environment of 

LS carriers may mimic the gut environment of control subjects with tumour lesions, 

which results in gut microbial dysbiosis. 

Among other observations we want to highlight that analysis of specific gut 

bacterial markers according to the affected gene revealed that only PTST seemed to be 

more abundant in subjects with the MLH1 mutation which is the most frequent among 

LS carriers [78,354].  It will be of interest to validate whether this or other changes are 

validated when expanding the study. Also, our study shows that the long-term impact 

of surgery may not be that relevant in these patients. Several studies have reported that 

colorectal surgery leads to changes in the amount and diversity of gut bacteria [365–367]. 

In our study no differences in the abundance of the studied bacterial markers were 

observed between LS carriers with and without previous CRC likely linked to the fact 

that at least 5 years have elapsed since surgery at the time of sample collection allowing 

gut microbiota recover [368–370].  

To date, a number of non-invasive methods directed to sporadic CRC screening 

have been developed. The most commonly used are the faecal immunochemical test 

(FIT), the guaiac faecal occult blood test (gFOBT), and Cologuard, among others 

[322,371,372]. Because of CRC development predisposition of LS, this population is 

exposed to undergo periodic endoscopic examinations [127,373,374]. Colonoscopic 

surveillance has demonstrated a significant reduction in CRC incidence and a 

considerable decrease in overall mortality in this at-risk population [375]. However, this 
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invasive procedure presents several inconveniences for patients such as the impact of 

bowel preparation, the use of sedation and the risk of intestinal perforation impacting 

compliance [214]. Moreover, the performance of colonoscopies is associated to high 

costs. In this work, a bacterial signature has been shown to be of potential use for 

predicting absence of neoplastic lesions in LS carriers and potential monitoring. Our 

observations point to the combination of three bacterial markers (EUB, B46, ECO) the so-

called RAID-LS algorithm, as an informative tool. RAID-LS combines two bacterial 

markers abundance ratios: (B46/EUB, ECO/EUB). Low abundances of ECO and 

B46correlate with healthy LS carriers. E. coli is a proinflammatory bacterium, which is 

commonly found in patients with active ulcerative colitis and Crohn disease [376–378]. 

The appearance of a tumour lesion promotes a greater inflammatory environment in LS 

carriers, which can be associated to a higher abundance of ECO. As for B46, a butyrate 

producing bacterium usually found in high abundances in healthy guts [264,379], was 

less abundant in healthy LS carriers. Our results suggest that healthy LS gut microbiota 

is similar to that of sporadic CRC patients, thus B46 basal relative abundance in healthy 

LS carriers could be altered because of the proinflammatory environment of the gut. In 

addition, it seems that the appearance of a lesion could cause a modification in the 

abundance of this bacterial marker.  

The main weakness of this study has to do with the number of enrolled subjects, 

as corresponds to a pilot study. However, all participants were well characterized in 

terms of their clinical features. Nevertheless, our results are encouraging enough to 

perform further validation on a higher number of participants. RAID-LS is able to 

identify LS carriers and may discriminate between healthy LS carriers and those with 

neoplastic lesions based on the relative abundance of the selected markers. However, 

the low prevalence of pre-malignant lesions in LS carriers precludes a fast recruitment.  

In conclusion, the development of RAID-LS opens the door to the eventual non-

invasive surveillance of LS carriers based on microbiota profiles. If confirmed intervals 

of colonoscopic surveillance could be tailored based on it. Under a health management 

optics, the use of RAID-LS could also result in a reduction of colonoscopy associated 



Malagón 2019. New tools for the early detection of CRC 

 

108 

 

costs, since up to a 60% of endoscopic examinations could be skipped. This must be 

corroborated after validation on a much larger and geographical diverse population.  
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Almost a century after Lockhart-Mummery and Dukes at St. Marks Hospital 

(London) found that colorectal cancers were associated with residual adenomatous 

tissue, which lead to the concept of early detection of curable cancers and cancer 

prevention through polypectomy [380]. The polyp-carcinoma sequence was challenged 

by many researchers for more than 70 years until it was finally proven in 1993 [165]. In 

1948, Gilbertsen initiated the first CRC screening study enrolling 21,500 people who 

underwent rigid sigmoidoscopy [381]. Colorectal cancer screening changed 

substantially when in 1967 Gregor reported early-stage CRC by means of a new guaiac 

card test that could be prepared at home (gFOBT) [382]. However, it was not until 1973 

when positive gFOBT patients could have an accurate diagnostic workup with the use 

of colonoscopes, which could also remove polyps adding a new and potentially huge 

preventive factor to CRC screening [383]. In early 90s a consensus appeared throughout 

the world literature that CRC screening is effective and should be offered to all people 

aged 50 and older who are at average CRC risk. The European Union Guidelines have 

recently advocated a 2-step approach, most commonly with FIT as the first step 

primarily for resource reasons [384].  

Screening by means of FIT has shown advantages over gFOBT. FIT requires only 

one faecal sample instead of sampling from three bowel movements. Moreover, FIT tube 

collectors design facilitates sample collection and test handling, which increases 

adherence rates with higher detection rates of colorectal tumoral lesions [385]. FIT also 

has some disadvantages since its performance shows variability among different 

subgroups as it has been shown to have higher sensitivity for left-sided adenomas and 

its value has been seen to be higher for aspirin users compared to nonusers [386,387]. 

Although FIT is a quantitative technique, it has been mainly used using a given cut-off, 

thus limiting the use of the test to a qualitative result (positive or negative). High cut-off 

values lead to high positive predictive values and are useful when resources are limited. 

However, sensitivity for advanced adenomas decreases as the cut-off value increases. 

Conversely, lower cut-off values increase sensitivity for the detection of patients with 

advanced neoplasms, which results in higher needs for endoscopic resources.  
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Current research is focused on the development of new non-invasive tools for CRC 

screening capable of reducing FIT false-positive results. Newly developed tests include 

DNA, RNA and protein biomarker stool and blood analysis. Recent studies based on 

DNA sequences have shown an abnormal gut microbiome structure in CRC patients 

when compared to healthy patients [260,264,266,388]. Therefore, faecal microbiota may 

be considered as a feasible complement to FIT. In this work, we hypothesized that using 

novel bacterial biomarkers of CRC in combination with FIT could improve the ability to 

fine-tuning the eligibility of candidates for colonoscopy. Most research done to date fail 

to obtain high accuracy values for the detection of precancerous lesions [182,184]. Faecal 

microbial composition differs from that observed in intestinal mucosal samples, due to 

environmental factors such as diet, bile acids and host’s immune system. Bacterial 

markers analysed in this thesis were originally studied on colorectal mucosal samples 

and their detection was later optimized in faeces. Thus, their presence in stool is not 

strongly subjected to diet and other external factors variability but in some extent reflects 

the real abundance in the colonic mucosa. This step-wise methodology allows to by-pass 

the huge background noise present in faecal samples, while giving physiological 

meaningfulness to bacterial markers. Another factor that has been a matter of 

controversy and that could impact the reproducibility of faecal bacterial signatures is the 

geographical or cultural origin of sample donors. This issue has been recently assessed 

by Thomas et al, who performed a meta-analysis with seven cohorts from different 

origins (USA, Germany, France, Italy, China, Canada, and Austria) and were able to 

identify reproducible microbiome biomarkers in patients with CRC. 

Based on this strategy, we have developed three different faecal bacterial 

signatures capable of discriminating between healthy subjects and patients with 

advanced neoplasia. The first signature was aimed at individuals with symptomatology 

compatible with colorectal cancer (RAID-CRC); the second was directed to those 

asymptomatic subjects older than 50 years that obtained a FIT-positive result in a CRC-

screening program (RAID-CRC Screen); and the third was aimed at Lynch syndrome 

carriers who underwent a surveillance colonoscopy (RAID-LS). These populations were 

treated separately since CRC development is different in each of them. Thus, we 

hypothesized that gut microbiota changes should be different when a tumoral lesion 
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appeared in each group of subjects. Indeed, all the studied groups showed different 

microbiological patterns according to colonoscopy diagnosis (i.e. normal colonoscopy, 

non-advanced adenoma, advanced adenoma, and CRC), which indicates that the 

appearance of the tumoral lesion causes shifts in gut microbiota composition. When 

symptomatic and asymptomatic subjects with CRC were compared, both displayed 

higher abundances of opportunistic pathogenic species (i.e. Gemella morbillorum, 

Peptostreptococcus stomatis, Bacteroides fragilis), but the microbiota profile of advanced 

adenomas between these populations was clearly different. Since our aim was to 

distinguish between healthy subjects and those with advanced neoplasia (CRC and/or 

advanced adenomas) we decided to develop an algorithm for each group of subjects, 

which best fitted each gut microbiota profile. The development of the microbiological 

signature for discriminating between healthy LS carriers and those with neoplastic 

lesions was performed separately, since the latter show genetic predisposition to 

develop CRC and they present an inflammatory colonic environment.  

  Despite significant progress has been made in the last years in CRC prevention 

and diagnostic, through the implementation of organised screening programs in 

developed countries, there is still much to do. The faecal bacterial signatures defined in 

this thesis are tools with a potential successful use in the public healthcare system. 

Nevertheless, two of them (RAID-CRC and RAID-LS) still seek clinical validation in 

larger external cohorts. Moreover, technical work is yet to be done to apply these tools 

to the entire population, in order to cope with massive samples processing.  

Other non-invasive tools for CRC screening have been or are being developed by 

other research groups or by private companies. Recently, cross-cohort microbial 

diagnostic signatures have been identified in a metagenomic analysis of CRC datasets 

[388]. In this study, the authors identified in the combined analysis of heterogeneous 

CRC cohorts reproducible faecal microbiome biomarkers and accurate disease-

predictive models that could constitute the basis for clinical prognostic tests. However, 

they state that microbiome signatures for adenoma detection are only partially 

predictive. Most private companies are developing tools based on blood biomarkers. The 

German company Epigenomics AG developed Epi proColon® 2.0, test that comprises a 
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qualitative assay for the PCR detection of methylated Septin9 DNA, the presence of 

which is associated with CRC [389]. Despite it is already in the market, its clinical utility 

has not yet been examined in prospective studies and the effect of Septin9-based 

screening on the incidence of CRC and CRC-associated mortality is unknown. 

VolitionRx, a Belgian in vitro diagnosis company, has also developed a blood-based 

approach for CRC early detection called Nu-Q [390]. This test is based on the 

combination of different cell-free nucleosomes found in serum to identify patients at risk 

of colorectal cancer [391]. Although Nu-Q shows high sensitivity and specificity values, 

75% and 90%, respectively; no data is provided regarding advanced adenoma detection, 

either. In addition, sample size used in their study is small, with only 58 symptomatic 

patients enrolled. Other in vitro diagnostic companies that are currently undergoing 

validation of their CRC detection tests are the Spanish UniversalDx (UDX test) and 

Amadix (ColoFast test) [392,393]. UDX test is based on the detection of specific blood 

metabolites associated with CRC, while ColoFast is focused on the detection of miRNA. 

When compared to the above-mentioned tests, the main advantage of RAID-CRC is that 

it offers high diagnostic accuracy not only for CRC, but also for advanced adenoma 

detection.  

Several reasons have led us to use faecal bacterial signatures for in vitro diagnostic 

purposes. In recent years, gut microbiota has been extensively characterized in patients 

from different clinical groups: healthy, adenoma, and carcinoma. Analysis of intestinal 

bacteria from stool samples has revealed both an enrichment and depletion of several 

microbiological populations associated with adenomas and CRC. Moreover, some 

bacterial species have been identified to be significantly more abundant in the presence 

of a tumoral lesion [260,264,267,388,394]. These studies have opened a range of 

possibilities to develop non-invasive tools for CRC diagnosis. Whether CRC-associated 

bacterial species abundance changes as a consequence of the intestinal mucosa 

inflammation, or if these species are responsible for prompting tumour generation, is yet 

to be elucidated. Nonetheless, gut microbiota is postulated as CRC indicator since 

bacterial communities are extremely sensitive to physicochemical changes that occur in 

their habitat. Considering that the disease most often causes these changes, the rationale 
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for the use of bacteria as disease indicator is more than justified by the Microbial Ecology 

foundations and laws.   

The use of stool samples for the determination of different bacterial signatures 

facilitates the participation of patients, since samples can be obtained on a daily basis 

and their collection is easy, it can be performed at home using a sterile faeces tube 

collector. Furthermore, there exists a great variety of kits for DNA extraction from faecal 

samples. Since different types of DNA are extracted with these extraction kits, qPCR 

systems that target specific regions of 16S rRNA genes or genomic DNA from the desired 

bacterial species must be designed. Approaches based on qPCR combine the high 

selectivity of PCR with quantification by recording the amplification of a PCR product. 

Quantification of the target gene is determined during the early exponential phase of the 

PCR, which avoids problems associated with the so-called “end-point” PCR, in which 

PCR products are only analysed once the final PCR cycle has been completed [395]. 

Therefore, qPCR represents a fast, sensitive, selective, robust, reproducible and reliable 

method enabling the quantification of bacterial markers, particularly useful in complex 

samples such as faeces.  

Finally, findings reported in this doctoral thesis should encourage to find similar 

signatures in other diseases, since changes in gut microbiota have been reported in many 

disorders such as inflammatory bowel disease [377], gingivitis and other periodontal 

affectations [396], or rheumatoid arthritis [397]. All things considered, the use of bacterial 

markers as disease indicators is more than promising, and a bright future in the 

contribution of microbiota to in vitro clinical diagnosis is foreseen.  
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1. Subjects with symptomatology compatible with colorectal cancer, FIT-positive 

asymptomatic individuals and Lynch syndrome carriers show distinctive 

intestinal microbiota changes during colorectal neoplasia progress.  

2. The opportunistic pathogenic species Gemella morbillorum, Peptostreptococcus 

stomatis, and Bacteroides fragilis, show a higher relative abundance in faecal 

samples of patients with colorectal cancer.  

3. Faecal bacterial markers are good complements of the faecal immunochemical 

test (FIT) for early detection of cancer, since they add specificity to this test. 

Consequently, the number of FIT false positive results is reduced, which 

implies a decrease in the unnecessary colonoscopies performed in a CRC-

screening scenario.  

4. Faecal bacterial markers increase sensitivity for advanced adenomas, which is 

one of the main objectives of organised CRC-screening programs.  

5. Main gut microbiota indicators of healthy Lynch syndrome carriers resemble 

that of sporadic CRC, which indicates that this population has an altered basal 

intestinal environment. Faecal bacterial markers are postulated as good 

indicators for discriminating between healthy Lynch syndrome carriers and 

those with neoplastic lesions waiting for clinical validation.  

6. RAID-CRC, RAID-CRC Screen and RAID-LS are promising, new, non-invasive 

tools for early detection of CRC with the potential to improve CRC-related 

organised programs management. 
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